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Abstract 
 
In 2009-10, fifty percent more energy was required by the Australian mining industry to 
generate a unit of output compared with just ten years earlier.  The escalating energy 
intensity being experienced by the mining industry has been largely attributed to a 
significant deterioration in the quality of the resources available for production.  However, 
the Australian mining industry also remains heavily reliant on energy sourced from the 
combustion of fossil fuels and the recent introduction of emission pricing in Australia has 
placed greater importance on improvements to the energy-efficiency of operations.   
 
The thesis demonstrates that improvements in the energy-efficiency of current mining and 
mineral processing equipment have the potential to reduce the energy and emission 
intensities of production and improve the value of operations.  In contrast, the introduction 
of emission pricing in Australia is shown to significantly reduce the value of the operation 
and the conversion of resources to reserves with negligible reductions in energy and 
emission intensities of production.  The energy reductions required to offset the impact of 
emission pricing at an operation exceeded the capabilities of the most energy-efficient 
equipment currently available to the mining industry.    
 
A promising path to significantly improve the value and energy intensity of metalliferous 
mining involves the adoption of pre-concentration strategies that reject uneconomic 
material from processing streams and increase the grade of ore prior to treatment at the 
processing plant.  These strategies introduce significant complexity into the optimisation of 
the cut-off grade policy for the development of resources. 
 
This thesis examines the economic and production impacts of improved energy-efficiency 
in metalliferous mining operations, the introduction of emission pricing in Australia and the 
application of pre-concentration strategies for the optimal development of a low-grade Au-
Cu deposit.  A novel methodology has been derived from the optimal cut-off grade policy 
incorporating pre-concentration and stockpiling strategies to evaluate the economics, 
energy consumption and associated emissions attributable to production over the life of a 
mining operation.   
 
iii 
The examination of pre-concentration strategies confirms their potential to create 
considerable value for treatment constrained operations, increasing the conversion of 
resources to reserves and decreasing the energy and emission intensities of production.   
 
As the industry continues toward the development of lower quality resources and 
maintains a strong reliance on fossil fuels, the energy and emission intensities of metal 
production will continue to rise.  Innovative solutions that seek to upgrade ore prior to 
energy intensive grinding can significantly improve the economics of an operation and the 
energy and emission intensities of production. 
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Chapter 1: Introduction, Objectives and Thesis Outline  
The current chapter introduces the research, objectives and framework of this thesis. 
1.1. Introduction 
The total net energy consumption of the Australian mining industry doubled during the 
decade ending 2009-10 (ABARES 2011a).  Over the same period, the energy intensity of 
the mining industry substantially outgrew all other economic sectors in Australia (Sandu & 
Syed 2008) and has been forecast to continue to rise to 2029-30 (Syed et al. 2010).  The 
escalating energy intensity of metalliferous mining has been linked to a notable, 
permanent decline in the quality of resources available for production (Mudd 2010; Sandu 
& Syed 2008).  The declining quality of mineral resources has also been recognised as 
one of the contributing factors for the recent, dramatic reduction in multifactor productivity 
of the Australian mining industry (Syed, Grafton & Kalirajan 2013; Topp et al. 2008). 
Significant opportunities for improvements in the energy-efficiency of the mining industry 
have been identified (United States Department of Energy 2007).  Many energy-efficiency 
opportunities examined within the Australian mining industry have proven to be easily 
implementable and provided positive economic benefits (Energy Efficiency Opportunities 
2010).  However, these easily implementable opportunities have only resulted in a 
relatively minor reduction (3.2%) in the energy consumption of metalliferous mining 
(Energy Efficiency Opportunities 2010).   
Sizeable reductions in the energy consumption of production may be achieved through 
innovative processes that facilitate greater discrimination in the handling and treatment of 
energy-intensive, low-grade mineralised material.  Such processes include ore-sorting and 
pre-concentration strategies that facilitate the rejection of uneconomic material from 
processing streams and increase the grade of ore prior to treatment at the concentrator.  
Greater adoption of pre-concentration strategies has the potential to significantly reduce 
the energy and emission intensities of production and generate additional economic value 
for an operation (Burns & Grimes 1986; Munro et al. 1982; von Ketelhodt 2009).   
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The importance of energy-efficiency for mining operations has gained further emphasis 
with the recent introduction of legislation enforcing a fixed price on greenhouse gas 
emissions released in Australia (Clean Energy Act 2011 (Cth)).  More than 97% of the total 
net energy consumed by the Australian mining industry in 2009-10 was supplied from the 
combustion of fossil fuels (ABARES 2011a).  In 2010, the carbon dioxide equivalent 
(CO2e) emissions generated from the mining sector accounted for 11.5% of the total CO2e 
emissions released in Australia (Australian Greenhouse Emissions Information System 
2013). 
This thesis evaluates the potential economic value and possible reduction in energy and 
emission intensities of metalliferous production that could result from improvements in 
energy-efficiency, the introduction of emission pricing and the addition of pre-concentration 
during the optimised development of a low-grade, Au-Cu deposit in Australia.  The 
methodology utilises the optimum cut-off grade policy to maximise the present value of the 
deposit and incorporates stockpiling and pre-concentration strategies.  The optimum 
allocation decisions from the cut-off grade policy are combined with the energy 
consumption of processing pathways to quantify the energy intensity of production and the 
associated emissions generated during the development of the resource.  This novel 
approach permits the simultaneous evaluation of economics, energy and emissions 
attributable to optimal metalliferous production and incorporates the complexities of pre-
concentration and stockpiling strategies.   
The analyses performed in this thesis demonstrate that improvements to the energy-
efficiency of operational equipment can significantly reduce the energy and emission 
intensities of production.  Consequently, the value of the project may improve, but remains 
subject to the magnitude of additional capital investment required to achieve the desired 
level of energy-efficiency.   
Conversely, the introduction of emission pricing in Australia is shown to significantly 
decrease the value of the case site and reduce the utilisation of extracted resources from 
the deposit.  Emission pricing achieves negligible reductions in the energy consumption 
and associated emissions of the operation examined, but enhance the economic incentive 
to reduce emissions at site. However, the energy-efficiency improvements required to 
offset the impacts of emission pricing at the case site were substantial and remain beyond 
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the capabilities of the most energy-efficient technologies currently available to the mining 
industry.     
Several pre-concentration strategies at the case site are examined as potential value-
adding processes capable of reducing energy consumption and operational costs.  The 
inclusion of pre-concentration strategies is shown to reduce the energy and emission 
intensities of production and decrease the total energy requirements for the development 
of the case site.  However, the inclusion of pre-concentration equipment within the existing 
operational structure and treatment capacity of the case site introduced additional energy 
requirements and increased the annual energy consumption of the operation.  Pre-
concentration strategies that minimised the rehandling requirements of pre-concentrated 
material are shown to yield greater value for the operation examined.   
1.2. Aim, Objectives and Scope 
The aim of this research was to evaluate the potential impact on the economic value, 
energy consumption and associated emissions attributable to the optimised development 
of a metalliferous deposit, as a result of:   
1. Improvements in the energy-efficiency of site operations,  
2. The introduction of emission pricing in Australia, and  
3. The early rejection of gangue from ore by means of pre-concentration. 
In order to achieve the aim of this research, the following objectives were achieved: 
1. A model was derived to formulate the optimal cut-off grade policy for the 
development of a deposit that incorporated pre-concentration, stockpiling and 
energy consumption.  The optimal cut-off grade policy was employed by the 
methodology to quantify the energy and emission intensities of production and 
establish the economic value of the operation. 
2. The model was applied to the strategic mine plan of a low-grade, Au-Cu deposit 
in Australia.  This analysis provided the production metrics to establish the 
baseline assessment. 
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3. The parameters of the model were adjusted to reflect scenarios examined for 
improved energy-efficiency in mining and mineral processing activities, the 
introduction of emission pricing and the inclusion of pre-concentration at the case 
site.   
4. The resultant production metrics for each scenario were evaluated against the 
baseline analysis to quantify the impact to the energy consumption and 
associated emissions of production and the economic value of the operation. 
The scope of the research includes all direct energy inputs employed by production at the 
case site and refining operations to generate high-purity, marketable metal but excludes 
energy inputs required to transport intermediate concentrates and doré bullion to metal 
refineries.  The associated emission released from the consumption of energy inputs 
incorporates scope 1 and scope 2 emissions which are required to be reported under the 
National Greenhouse and Energy Reporting Regulations 2008 (Cth).  Scope 1 emissions 
relate to greenhouse gases directly released into the atmosphere by the activities of the 
case site and refining operations and include the consumption of diesel fuel, natural gas 
and explosives.  Scope 2 emissions encompass the greenhouse gases released during 
the generation of electricity that is purchased by the case site and refining operations.  The 
scope employed for the energy inputs and associated emissions of production comprise all 
activities that directly relate to the extraction, concentration and refining stages of metal 
production.      
1.3. Significance of the Research 
The thesis presents a novel methodology for the quantification of the energy and emission 
intensities of metalliferous production which is derived from crucial production drivers and 
operational decisions that maximise the value of a mining project.  This research has 
shown that material allocations from the optimised cut-off grade policy for the development 
of a deposit provide an excellent basis to model the input requirements and the generated 
outputs of metalliferous production.  The research has also shown how the complexities of 
pre-concentration strategies may be incorporated within the optimisation of the cut-off 
grade policy.   
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The documented approach may assist in benchmarking the energy and emission 
intensities of past, present and future mining projects, or may be extended to the 
examination of water requirements and consumables.   
1.4. Statement of Originality 
The research of this thesis provides a novel approach to the quantification of the energy 
consumption and associated emissions attributable to metalliferous production.  The 
scenarios examined contribute to the development of new knowledge in the following 
areas: 
1. The research identifies the analysis of optimal cut-off grade policies for the 
evaluation of energy consumption and associated emissions of metalliferous mine 
production. 
2. The research presents new insights into the potential economic benefits and 
production impacts of improved energy-efficiency in mining and mineral processing 
activities of a low-grade, metalliferous mining operation. 
3. The research develops new knowledge regarding the impact of emission pricing on 
optimised production, economic value and the resultant energy and emission 
reductions at a low-grade metalliferous mining operation in Australia.   
4. The research contributes to knowledge regarding the required energy reductions for 
an existing, low-grade metalliferous mining operation to offset production impacts 
from the introduction of a fixed emission price in Australia. 
5. The research provides original insights into the value maximisation strategies for 
pre-concentration in the development of low-grade metalliferous deposits and the 
potential economic and production impacts pre-concentration may have on existing, 
treatment-constrained operations.  
6. The research contributes to the reported energy and emission intensity of gold and 
copper production as co-products from the development of a low-grade deposit.  
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7. The research provides the equations to calculate the minimum economic cut-off 
grades for pre-concentration (Equation 7.1 to 7.4) and the economic crossover cut-
off grades for pre-concentration and the processing plant (Equation 7.5 to 7.8).  
8. The research demonstrates how pre-concentration strategies may be incorporated 
within the determination of an optimised cut-off grade policy. 
1.5. Contribution to Sustainability 
The research of this thesis provides a methodology for the quantification of sustainability 
indicators for the energy and emission intensities of metalliferous production.  The holistic 
approach adopted by the methodology encompasses all production stages, from in-situ 
rock to refined metal product, over the entire life of the deposit.  The research also 
provides an economic examination for improved energy-efficiency at an operation, the 
potential benefits of pre-concentration strategies and the likely emission reductions for a 
mining operation attributable to the introduction of emission pricing in Australia.  
1.6. Thesis Outline 
Chapter 1: Introduction, Objectives and Thesis Outline 
The current chapter introduces the focus of the research and provides the thesis outline. 
Chapter 2: Literature Review 
The literature review compiles an analysis of recent production trends in the Australian 
mining industry and significant challenges regarding the energy consumption and 
associated emissions from mining production.  The chapter also examines the progress of 
energy-efficiency in mining operations, the introduction of emission trading in Australia and 
potential pre-concentration techniques in the mining industry.  The literature review also 
inspects recent developments in cut-off grade theory.   
Chapter 3: Methodology 
Chapter 3 details the model employed for the novel quantification of energy, emissions 
and the economics of metalliferous production employed by this thesis.  The model utilises 
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the optimum cut-off grade policy that will maximise the present value of the deposit to 
establish material allocations for extracted resources and the energy and emission 
intensity of production, as well as the economic value of the operation.  
Chapter 4: Data and Assumptions 
A description of the operations at the case site and the data and assumptions employed 
for the analyses of this thesis is presented in Chapter 4. 
Chapter 5: The Baseline Assessment 
Chapter 5 presents the results and discussions of the baseline analysis for the case site.  
The baseline assessment forms the reference point to measure the economic, energy and 
emission impacts of production under the scenarios examined for energy-efficiency, 
emission pricing and pre-concentration in Chapters 6 and 7.   
Chapter 6: Energy-Efficiency and Emission Pricing  
Chapter 6 examines the production impacts at the case site as a result of potential 
improvements in the energy-efficiency of mining and concentration activities and the 
introduction of emission pricing in Australia.   
Chapter 7: Pre-Concentration 
Chapter 7 examines the inclusion of pre-concentration strategies within the existing 
operations of the case site as potential techniques to improve the energy and emission 
intensities of production and increase the value of the operation.   
Chapter 8: Conclusions and Recommendations 
The final chapter presents the conclusions and recommendations for future work that 
resulted from the research of this thesis.   
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Chapter 2: Literature Review  
The current chapter presents the findings of the literature review to establish current 
mining production trends and industry challenges regarding energy consumption and 
associated greenhouse gas emissions in production.  The literature review also examines 
the extent of energy-efficiency improvements in mining operations, the potential impact of 
emission pricing in Australia and promising pre-concentration techniques that may assist in 
reducing the energy and emission intensity of the metalliferous mining industry.  The 
recent focus of research issues examined through cut-off grade theory and the potential to 
adapt the foundations of cut-off grade methodology to determine the energy and emissions 
attributable to metalliferous production are also discussed.   
2.1. Context and Outline 
The current chapter establishes the foundation of the research performed in this thesis.  
Section 2.2 discusses the significance of the mining industry in Australia and the pressures 
to increase production.  Section 2.3 examines the recent decline in the productivity of the 
Australian mining industry.  Section 2.4 investigates the energy consumption and 
associated emissions generated from mining production in Australia.  Section 2.5 presents 
the potential for improvement in the energy-efficiency of current mining equipment.  
Section 2.6 discusses the turbulent history of the introduction of emission pricing in 
Australia.  Section 2.7 investigates the possible benefits and techniques for the pre-
concentration of metalliferous deposits.  Section 2.8 examines the recent research focus of 
cut-off grade theory and how it may be employed to examine the energy consumption and 
associated emission generation for metalliferous mining strategies.  Section 2.9 provides 
concluding remarks.    
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2.2. Mineral Demand, Supply and Price 
The mining industry has long played a pivotal role in the development and prosperity of 
Australia.  However, the recent history of the mining industry has seen unprecedented 
growth and volatility which presents the industry with significant challenges to navigate.  
During the 2000’s, the total export value of Australian mining commodities climbed from 
approximately one-third to represent more than half the value of all exports from Australia 
(Figure 2.1). During the same period, the mining industry’s contribution to Australian gross 
domestic product (GDP) doubled (Figure 2.1).  
 Figure 2.1: The Australian Mining Industry’s Contribution to Export Value and Gross Domestic Product (GDP) (ABARES 2010; ABS 2012b)  
The growth in the Australian mining industry during the 2000’s was the result of rapid and 
consistent escalation in global demand for mining commodities.  The strong demand was 
triggered by the progressive industrialisation and increasing wealth of developing countries 
(Giurco et al. 2009; Kesler 2007).  Australia was well positioned to capitalise on escalating 
mineral demand as a key producer of ores and concentrates to supply the developing 
economies and established manufacturing industries within the Australasian region.  
Strong demand is expected to continue and Australian mining production is required to 
substantially increase to meet anticipated mineral demand by 2020 (Figure 2.2).     
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 Figure 2.2: Required Increase in 2007 Production Levels for Australia to meet Forecast Mineral Demand by 2020 (Access Economics 2008) 
The mounting pressures to increase mineral supply are bound by considerable capital and 
time constraints which limit mining output in the short-term (Tilton 2006).  To significantly 
increase mineral supply, new deposits must be discovered, evaluated, constructed and 
developed and existing operations must undergo substantial expansions.  The temporal 
discontinuity between mineral demand and supply requires the industry to make 
investment decisions in the present that affect future supply using assumptions for 
anticipated future demand and predicted mineral prices (Grant, Hawkins & Shaw 2005).   
 Figure 2.3: Indexed Production Volumes of the Australian Mining Industry (ABS 2012b) 
The Australian mining industry has steadily increased production since the early 1980’s.  
This is evident from the annual chain volume measurements for the gross value added 
(GVA) by the Australian mining industry (Figure 2.3).   These chain volume measurements 
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reflect annual changes in the quantity of mining output that are independent of changes in 
commodity prices (McLennan 1998). 
During the 2000’s and early 2010’s, the sustained escalation in mineral demand and the 
time constraints required to increase mineral supply culminated with a dramatic rise and 
extreme volatility in the real price of mineral commodities (Figure 2.4).   
 Figure 2.4: Indexed Real Mineral Prices (ABARES 2011b; Index Mundi 2013; London Metal Exchange 2013; The London Bullion Market Association 2013)  
The extended period of escalating mineral prices encouraged two principle reactions from 
mining operations.  Firstly, there were growing pressures to increase production to 
capitalise on higher prices (Bradely & Sharpe 2009; Syed, Grafton & Kalirajan 2013).  
Secondly, rising mineral prices resulted in increasingly marginal material, once classified 
as waste, to become economically viable to treat (Bradely & Sharpe 2009; Syed, Grafton & 
Kalirajan 2013).  The combined effect promoted:  
• The expansion of existing operations to increase production from marginal material, 
• The development of lower-grade, higher-cost deposits; and 
• The extension of operations at ageing deposits approaching depletion and utilising 
less efficient ‘vintage’ capital equipment.   
These reactions have contributed to ‘the depletion effect’ which has been related to the 
recent decline in the multifactor productivity of the Australian mining industry.   
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2.3. Multifactor Productivity of the Australian Mining Industry 
The multifactor productivity (MFP) of an industry is a measure of the efficiency with which 
capital, labour and intermediate inputs (raw materials, energy and services) are utilised in 
the generation of products (Organisation for Economic Co-operation and Development 
2001).  MFP reflects improvements in technology, efficiency and management in the 
utilisation of production inputs to generate output.  In the case of the mining industry, MFP 
also reflects the quality of mineral resources and the effort required to extract, concentrate 
and refine those resources (Topp et al. 2008).   
A recent report by Topp et al. (2008) emphasised a significant decline in the MFP of the 
Australian mining industry between 2000-01 and 2006-07.  The latest experimental 
estimates from the Australian Bureau of Statistics (ABS 2012c) have revealed further 
decline in the mining industry’s MFP, highlighting a 48% reduction between 2000-01 and 
2011-12 (Figure 2.5).  This implies that in 2011-12, the Australian mining industry required 
double the production inputs (capital, labour, energy, materials and services) to generate a 
single unit of output compared to 2000-01.    
 Figure 2.5: Multifactor Productivity of the Australian Mining Industry  (ABS 2012c; Topp et al. 2008) 
The astonishing recent decline in mining MFP is not unique to Australia with similar 
observations reported in Canada and the United States of America (Bradely & Sharpe 
2009).  The weakening MFP of Australian mining has been the focus of examinations by 
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the Australian Productivity Commission (Topp et al. 2008) and the Australian Bureau of 
Resource and Energy Economics (Syed, Grafton & Kalirajan 2013). The factors discussed 
in the following sections have been associated with the recent decline in the MFP of the 
mining industry.  
2.3.1. The Capital Lag Effect  
The capital lag effect refers to the lag time that exists between when capital expenditure is 
incurred and when that expenditure actually results in enhanced production capacity (Topp 
et al. 2008).  The recent prosperity of the mining industry combined with pressures to meet 
future mineral demand has resulted in a surge of new capital investment within the 
industry (Figure 2.6).   
 Figure 2.6: New Capital Expenditure in the Australian Mining Industry (ABS 2013d)  
The focus of this new capital investment has targeted the sub-category of buildings and 
structures, representing investments in supporting infrastructure and preparative 
development of land for mining (ABS 2013d).  This strong focus suggests that the greatest 
barrier to enhance mining production in Australia was the capacity of existing supporting 
infrastructure and the accessibility of deposits.  The capital lag effect is a temporary effect 
on the short-term productivity of the mining industry (Topp et al. 2008).   
0
200
400
600
800
1,000
1,200
$0
$20
$40
$60
$80
$100
$120
CA
PE
X 
/ 
U
ni
t O
ut
pu
t 
In
de
xe
d 
20
00
-0
1 
= 
10
0 
AU
D 
Bi
lli
on
s 
Building & Structures (LHS) Plant & Machinery (LHS) Capital Intensity (RHS)
Chapter 2: Literature Review Michael Scott 
 
14 
2.3.2. The Depletion Effect 
The depletion effect refers to deterioration in the quality of resources employed as inputs 
to mining production.  The quality of mineral resources reflects the effort and costs 
required to develop those resources (Topp et al. 2008).  In the case of metalliferous 
mining, resource quality is dependent on the mineralogy and grade of resources, the depth 
of deposits and their relative location to supporting infrastructure and services.       
An extensive compilation of historical mine production in Australia has emphasised a 
substantial deterioration in the long-term average grade of resources being mined (Mudd 
2009) (Figure 2.7).  However, recent average ore grades in Australia display greater 
stability with less pronounced deterioration (Figure 2.8).   This may indicate that much of 
the depletion effect associated with recent metalliferous mining may be attributable to the 
development of deposits at increasing depths, more complex mineralogies and greater 
stripping ratios (Mudd 2009). Similar trends in the deterioration of the quality of resources 
mined have been observed in the United States of America, Canada, South America and 
South Africa (Crowson 2012; Mudd & Ward 2008; Mudd 2007).   
 Figure 2.7: Historical Average Ore Grades (1844-2007) Mined in Australia(Mudd 2009)   
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 Figure 2.8: Recent Average Ore Grades (1970-2007) Mined in Australia (Mudd 2009)   
There have been many attempts to estimate and remove the depletion effect from the 
assessment of Australian mining MFP.  Topp et al. (2008) employed a composite index of 
mining yield, representing average ore grades, the ratio of saleable coal to raw coal and 
the implicit flow rate of oil and gas fields, to account for the depletion effect .  Loughton 
(2011) used the ratio of cumulative extraction to total available reserves for individual 
mineral commodities and Syed, Grafton and Kalirajan (2013) used the energy intensity of 
mining production to account for the depletion effect.  These studies found that after 
adjustment to remove the depletion effect, the MFP of the Australian mining industry grew 
by 2.2% to 2.5% per annum between 1985-86 and 2009-10. This is in stark contrast to the 
conventional measurement of MFP that resulted in a negative growth rate of -0.65% per 
annum during the same period.  These findings indicate that factors contributing to the 
deterioration of resource quality were primarily responsible for the recent decline in the 
MFP of the Australian mining industry.      
2.3.3. The Resource Boom Effect 
The rapid escalation in the real price of mineral commodities (Figure 2.4) intensified the 
impact of the capital lag effect and the depletion effect on the productivity of the mining 
industry (Bradely & Sharpe 2009; Syed, Grafton & Kalirajan 2013).  The higher commodity 
prices and resource rents received by the mining sector during the current resource boom 
encouraged greater capital investment to enhance production capacity (Figure 2.6) and 
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permitted the economic treatment of higher cost, lower quality resources.  The high 
volatility and uncertainty regarding future mineral prices during the resource boom may 
have been responsible for a surge in labour (Figure 2.9) as a variable input to attempt to 
increase short-term production (Syed, Grafton & Kalirajan 2013).   
 Figure 2.9: Hours Worked in the Australian Mining Industry (ABS 2013b) 
The higher commodity prices also permitted the absorption of increasing costs and 
consumption of intermediate inputs (energy, materials and services) for production.  This 
can be seen in the rising cost of sales in the Australian mining industry (Figure 2.10) 
representing the purchases of goods, materials and services employed in production but 
excluding the cost of capital and salaries (ABS 2013c).   
 Figure 2.10: Cost of Sales for the Australian Mining Industry (ABS 2000; ABS 2011; ABS 2013c) 
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Furthermore, much of the recent growth in the Australian mining industry has been 
attributed to a considerable increase in the value of mining products rather than increased 
output (Sandu & Syed 2008).  This can be observed from the substantial deviation in 
measurements of the gross value added by the Australian mining sector when stated in 
terms of the value of output compared to the volume of output (Figure 2.11).   
 Figure 2.11: Gross Value Added (GVA) by the Australian Mining Industry Stated in Terms of the Volume and Value of Mining Output (ABS 2012b)  
It is evident that the recent decline in the multifactor productivity of the mining industry is 
attributable to the deterioration in the quality of resources being developed which was 
supported by stronger resource prices.  Expanding production from the treatment of 
increasingly marginal resources significantly increased the quantity of inputs required for 
production (capital, labour, energy, materials and services) without yielding a similar return 
in mining output.  The deterioration in the quality of resources employed in production has 
also influenced energy consumption patterns and associated emissions generated by the 
Australian mining industry.   
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2.4. Energy and Emissions in the Australian Mining Industry  
2.4.1. Energy Consumption in the Australian Mining Industry  
During the 2000’s, the total net energy consumption of the Australian mining industry 
doubled and the energy intensity, expressed as the energy consumption per unit of output, 
increased by more than 50% (Figure 2.12).  
 Figure 2.12: Total Net Energy Consumption of the Australian Mining Industry (ABARES 2011a) 
A recent report by Sandu and Syed (2008) examined the real energy intensity of Australian 
economic sectors.  The real energy intensity represents the energy consumption of the 
industry after adjustment for changes in economic activity and the sectoral composition of 
the economy (Sandu & Syed 2008).  The report revealed a 50% increase in the real 
energy intensity of the Australian mining industry during the period 1989-90 to 2005-06 
which was almost entirely attributable to energy consumption and production patterns post 
2000-01.  This was the largest increase in the real energy intensity of all Australian 
economic sectors examined (Figure 2.13) and implies that an additional 112PJ of energy 
was required by the mining industry in 2005-06 to generate the equivalent output of 1989-
90 (Sandu & Syed 2008).   
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 Figure 2.13: Change in Energy Consumption in Australian Industry due to the Real Energy Intensity Effect, 1989-90 to 2005-06 (Sandu & Syed 2008) 
Sandu and Syed (2008) attributed the increased energy consumption of the Australian 
mining industry to:  
• The declining ore grades of mineral deposits,  
• The increasing depth and remoteness of deposits being developed, and  
• Increasing production of liquid natural gas, representing a highly energy intensive 
component of the mining sector.   
Furthermore, the energy consumption of the Australian mining industry is projected to 
continue to grow faster than any other economic sector to 2029-30 (Syed et al. 2010) 
(Figure 2.14).  If current production and energy consumption patterns remain unchanged, 
the energy required to generate a unit of mining product in Australia will double every 20 
years.  Improvements to the energy-efficiency of production equipment and the adoption of 
technologies to reduce unit metal energy requirements will be crucial in managing the 
future production of the Australian mining industry.  
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 Figure 2.14: Average Annual Growth in Australian Energy Consumption by Sector, 2007-08 to 2029-30, (Syed et al. 2010) 
2.4.2. Emissions from the Australian Mining Industry  
In 2009-10, more than 97% of the total energy consumed by the Australian mining industry 
was sourced from the combustion of fossil fuels (ABARES 2011a).  The industry’s reliance 
on fossil fuels and its escalating energy consumption has increased the greenhouse gas 
emissions attributable to the mining sector in Australia since 1990 (Figure 2.15).  However, 
the emission intensity of production, expressed as CO2e emissions per unit of mining 
output, has slightly decreased during the same period (Figure 2.15). 
 Figure 2.15: Greenhouse Gas Emissions Released by the Australian Mining Sector (Australian Greenhouse Emissions Information System 2013) 
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The minor decrease and relatively stable nature of the emission intensity of the Australian 
mining industry since 1990 can be partially attributed to changes in the energy mix of 
production (Figure 2.12) and the inclusion of fugitive emissions from coal, oil and gas 
mining within the industry’s accounts (Table 2.1).  The average emission factor of the 
energy mix for the Australian mining industry decreased by 20% during the 2000’s (Figure 
2.16).  However, the emission intensity of production associated with the total net energy 
consumption of the mining industry increased by more than 20% during the same period 
(Figure 2.16).   
 Figure 2.16: Average Emission Factor of Energy Inputs and the Emission Intensity of Total Net Energy Consumption and the Greenhouse Gas Inventory of the Australian Mining Industry (ABARES 2011a; Department of Climate Change 2008b) 
The slight reduction in the emission intensity of the Australian mining industry since 1990 
is only evident with the inclusion of fugitive emissions from coal, oil and gas mining which 
have dominated the greenhouse gas inventory of the mining sector.  In 2009, the mining 
sector released 64Mt CO2e emissions (Australian Greenhouse Emissions Information 
System 2013) of which 39Mt (61%) were attributable to fugitive emissions from coal, oil 
and gas production (Department of Climate Change and Energy Efficiency 2011).  Table 
2.1 provides the fugitive emissions for coal production and oil and gas mining sectors in 
Australia.   
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Table 2.1: Fugitive Emissions attributable to Coal Production and Oil and Gas Sectors in Australia (Australian Greenhouse Emissions Information System 2013; Department of Climate Change and Energy Efficiency 2011)  Coal Production Oil and Gas Year 1990 2000 2008-12 1990 2000 2008-12 Fugitive Emissions 16 23 31 13 13 11 Total Sector Emissions* 20 25 34 13 17 24 Fugitive Emissions as a percentage of Total Sector Emissions* 80% 92% 91% 100% 76% 46% *Total sector emissions exclude emissions attributable to land use, land use change and forestation  
Increasing production of coal has raised the fugitive emissions of the sub-sector but the 
relative proportion of fugitive emissions from coal production remained relatively stable 
during the 2000’s.  In contrast, the oil and gas sub-sector has seen a significant decrease 
in the relative proportion of fugitive emissions attributable to production.  This may be the 
result of declining production from maturing wells in the oil industry (Topp et al. 2008) and 
a substantial increase in the energy-intensive production of liquid natural gas (Sandu & 
Syed 2008).   
The escalating energy consumption of the Australian mining industry has resulted in a 
significant rise in the emission intensity of production associated with total net energy 
consumption despite a reduction in the average emission factor of energy inputs (Figure 
2.16).  Projections for the future energy mix of Australia continue to predict foremost 
reliance on fossil fuel consumption (Syed et al. 2010).  The anticipated growth in the 
energy requirements therefore suggests the emissions associated with the energy 
consumption of the Australian mining industry will continue to increase.  The introduction 
of emission pricing in Australia will increase the cost of escalating fossil fuel consumption 
in the mining industry, as well as production costs for coal, oil and gas due to the 
substantial portion of fugitive emissions attributable to these sub-sectors. 
2.4.3. Energy, Emissions and the Depletion Effect 
Many studies have indicated an exponential relationship between declining ore grade and 
the intensity of energy, emissions, water and reagents required for metalliferous mining 
(Mudd 2007; Mudd 2010; Norgate & Haque 2010; Norgate et al. 2010; Norgate & Lovel 
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2004).  As ore grades deteriorate an ever-increasing volume of waste and gangue must be 
mined and processed to generate a unit of product.  Furthermore, the deterioration of ore 
grades is often associated with the development of more complex mineralogies requiring 
finer grind sizes to liberate recoverable minerals.  Norgate et al. (2010) has shown the 
amplification in the energy intensity (embodied energy) of copper production with declining 
ore grade and finer grind sizes (Figure 2.17)  
 Figure 2.17: Amplification in the Embodied Energy of Copper with Declining Ore Grade and Finer Grind Size (Norgate et al. 2010) 
The increasing energy consumption and associated emissions required to maintain mining 
production from resources that are deteriorating in quality represents an area of 
considerable cost and uncertainty for the mining industry.  Escalating global demand for 
energy resources (United States Energy Information Administration 2010) and the 
introduction of greenhouse gas emission pricing and trading schemes are likely to 
significantly increase the cost of future energy consumption.   
2.5. Energy-Efficiency in the Mining Industry 
United States Department of Energy (2007) examined the energy consumption of coal, 
metal and mineral mining operations to identify potential energy-saving opportunities.  The 
study benchmarked the energy-efficiency of individual units of mining equipment currently 
employed in underground and surface operations relative to the most energy-efficient 
equipment currently available.  In addition, the study also estimated the potential energy 
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saving opportunities that could be achieved for individual items of equipment through 
ongoing research and development.     
The US mining energy bandwidth study demonstrated that equipment currently employed 
in grinding and material handling (diesel fuel) represented the areas of greatest energy 
consumption and potential energy saving opportunities (Figure 2.18). The report estimates 
that the mining industry could reduce the current energy consumption of existing 
operations by 20.7% through deployment of the most energy-efficient equipment currently 
available to perform a given task (United States Department of Energy 2007).  
Furthermore, the current energy requirements of existing technologies and operations may 
be halved through advancements in research and development (United States Department 
of Energy 2007).  These potential energy savings would also result in a significant 
reduction to associated greenhouse gas emissions from the mining industry. 
 Figure 2.18: Current Annual Energy Consumption and Identified Energy Saving Opportunities for the Mining Industry (United States Department of Energy 2007) 
Norgate & Haque (2010) have applied the findings for the best practice energy saving 
opportunities identified by the US Department of Energy (2007) to determine their potential 
impact on the embodied energy and greenhouse gas emissions for copper, iron ore and 
bauxite production in Australia.  Their examination has shown that energy-efficiency would 
yield greatest energy savings and associated emission reductions in the beneficiation 
activities of low-grade metalliferous mining (copper) and the material handling and 
transportation activities of bulk metal commodities (iron ore and bauxite).  Approximately 
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50% of the total embodied greenhouse gas emissions were attributable to these respective 
activities for the metals examined (Norgate & Haque 2010).   
On the 1st July 2006, the Energy-Efficiency Opportunities Act 2006 (Cth) introduced 
mandatory energy-efficiency assessments for corporations that consume greater than 
0.5PJ of energy per annum.  The first assessments of the Australian mining industry was 
compiled and published by the Energy Efficiency Opportunities Section (2010).  The report 
identified a possible 5.5% reduction in current energy consumption for the Australian 
mining industry equating to net financial benefits of A$257.3M per annum and a reduction 
of 1.4Mt CO2e emissions per annum (Energy Efficiency Opportunities Section 2010).  
Metalliferous mining identified a 3.2% possible reduction in energy consumption which 
equates to net financial benefits of A$77.2M per annum and a reduction of 524kt CO2e 
emissions each year (Energy Efficiency Opportunities Section 2010).  Almost 80% of the 
energy efficiency opportunities identified for the Australian mining industry were easily 
implementable and had a financial payback period of less than two years (Energy 
Efficiency Opportunities Section 2010). 
Although the energy savings identified by the energy-efficiency opportunities section were 
relatively minor compared to the potential energy savings identified in the energy 
bandwidth study, the report demonstrated the existence of considerable financial benefits 
from improvements in the energy-efficiency of the mining industry.  The size of these 
financial benefits will further increase with the introduction of emission pricing in Australia.     
2.6. Emission Pricing in Australia 
The recent political history regarding the proposal and legislation of emission pricing and 
emission trading schemes in Australia has been highly volatile and contentious.  A white 
paper released by the Department of Climate Change on the 15th December 2008 detailed 
the proposed Carbon Pollution Reduction Scheme (CPRS) to achieve: 
• A 5% to 15% reduction in CO2e emissions based on 2000 levels by 2020.  The 5% 
decrease is unconditional and the 15% decrease was given on the condition that all 
major economies agree to action of similar scale. 
• A 60% reduction in CO2e emissions based on 2000 levels by 2050. 
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The white paper was updated in a media release on 4th May 2009 to include a further 
option for a 25% reduction in CO2e emissions based on 2000 levels by 2020 with the 
condition that major economies agree to take action to stabilise CO2e concentrations at 
450ppm in the atmosphere (Department of Climate Change 2009).   
The primary mechanism for the reduction of emissions under the CPRS was through the 
introduction of a ‘cap and trade’ emission permit market for Australian industry.  The price 
of carbon permits would be determined by supply and demand interactions within the 
market but were estimated at A$23/t under a global commitment to stabilise CO2e 
concentrations at 550ppm in the atmosphere and A$50/t for 450ppm (Department of 
Climate Change 2008a).  Further to these estimates, an introductory price for the initial 
year of operation would fix the price of permits at A$10/t (Department of Climate Change 
2009).  The CPRS was expected to commence on 1st July 2011 (Department of Climate 
Change 2009).   
In addition to the introduction of the CPRS, the white paper (2008a) proposed to further 
promote the reduction of CO2e emissions by:  
• Expanding the Renewable Energy Target to 20% of Australia’s electricity generation 
to be sourced from renewables by 2020. 
• Introducing the Clean Energy Initiative which aims to demonstrate the use of low 
emission technologies in the generation of Australian electricity through Carbon 
Capture and Sequestration (CCS) and solar technologies by 2020. 
• Supporting the National Strategy on Energy-Efficiency which aims to accelerate the 
adoption of energy-efficiency improvements in households and small businesses 
through the provision of information and partial subsidies for available energy-
efficient technologies.   
The legislation for the CPRS was rejected twice by the Australian Senate in 2009.  In a 
media statement released on 27th April 2010, the Prime Minister of Australia announced a 
delay to the reintroduction of the CPRS to the Senate until the end of the Kyoto 
commitment on 31st December 2012 (Department of Climate Change 2010).  The delay 
was deemed necessary to determine the actions of major economies to provide greater 
clarity on the level of commitment for Australia.   
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Prior to completion of the Kyoto commitment, the Australian Treasury (2011) announced 
legislation for a redesigned emission pricing package for Australia’s Clean Energy Future.  
The redesigned package:  
• extended Australia’s commitment to an 80% reduction in emissions based on 2000 
levels by 2050, and 
• Provided $10 billion dollars to the Clean Energy Finance Corporation to invest in 
green energy projects. 
The proposed Clean Energy Future legislation would introduce a fixed price on carbon 
emissions at A$23/t for entities that directly emit greater than 25,000t of CO2e emissions in 
Australia each year.  The fixed pricing period was set for the first three years of operation 
with the emission price increasing at 2.5% per annum.  Upon completion of the fixed 
pricing period the Clean Energy Future legislation would convert to a ‘cap and trade’ 
emission trading system.  The proposed legislation was passed by the Senate on the 8th of 
November 2011 and the Clean Energy Act 2011 (Cth) commenced on the 1st July 2012.     
The introduction of the Clean Energy Act 2011 (Cth) incited condemnation by the 
Australian mining industry.  Responses by the Minerals Council of Australia (2011) and the 
Australian Coal Association (2011) to the proposed legislation argued that the lack of 
global commitment would encumber the competitiveness of the Australian mining industry 
in a global market place for indistinguishable products.  The responses emphasised: 
• A direct carbon cost for the Australian mining industry in excess of $30 billion by 
2020,  
• Foregone Australian revenues from black coal exports in excess of $22 billion by 
2020 (ACIL Tasman 2011b), and 
• A reduction in employment within the Australian minerals sector of 23,510 by 2020. 
At the time the fixed emission price was introduced in Australia, European emission 
allowances (EUA) from the world’s largest and longest operating emission trading system 
(ETS) were valued at $15/t CO2e and have since fallen below $5/t CO2e in April 2013 
(refer to Figure 2.19).   
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 Figure 2.19: European Emission Allowance (EUA) Closing Spot Price (EEX 2013; Sartor 2012) 
The introduction of a carbon price in Australia was a controversial issue that divided the 
policies of the Australian political parties and became a contested election issue in the 
campaigning for the 2013 federal election.  On the 7th September 2013 the Liberal/National 
Coalition were elected into office and had pledged to remove the carbon price from 
Australia.  On the 29th September 2013 a media release stated that the government would 
soon introduce legislation to repeal the carbon tax and introduce a non-market oriented 
Direct Action Plan to reduce carbon emissions in Australia by 5% based on 2000 levels by 
2020 (Department of the Environment 2013).  
The future of emission pricing in Australia remains uncertain. However, as the mining 
sector continues to combat deteriorating resource quality, the energy intensity of 
operations will continue to grow and emissions from the mining sector will continue to rise.  
Improvements in the energy-efficiency of production equipment have the potential to 
significantly reduce the energy consumption and associated emissions from the mining 
industry.  However, easily implementable energy savings opportunities have only resulted 
in relatively minor energy and emission reductions.  Hence, more innovative approaches 
require consideration.  One such approach involves pre-concentration which may reduce 
ore processing costs by rejecting gangue and increasing the grade of ore presented to 
conventional concentrators.  Greater adoption of pre-concentration technologies may also 
assist the industry in achieving significant reductions in the energy and emission intensities 
of metalliferous production.  
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2.7. Pre-Concentration in the Mining Industry 
Pre-concentration refers to an intermediate treatment process that rejects gangue from 
ore, or recovers valuable minerals from waste, prior to the often irreversible treatment of 
the material at the processing destination or waste dump.  In the context of this thesis, pre-
concentration is applied as an independent, additional treatment stage of production to 
separate coarse particles of liberated ore and gangue through the exploitation or induction 
of a physical or chemical difference in extracted material that is directly correlated to 
mineralisation of commercial value. The definitive properties and utilisation of a pre-
concentration treatment facility as examined by this thesis adopt the fundamental 
attributes of the pre-concentration plant at Bougainville Copper Ltd as described by Burns 
and Grimes (1986), Claringbull and Mora (1985) and Lewis (1987), and supported by 
Wotruba and Harbeck (2010) (Figure 2.20). 
 Figure 2.20: Material Flow with a Pre-concentration Plant at Bougainville Copper LTD; adapted from (Lewis 1987) 
Firstly, pre-concentration is an intermediate stage of treatment that is viewed as an 
independent processing destination for a portion of material extracted from the mineralised 
deposit.  There is a clear distinction between primary ore delivered directly to the 
processing plant and material that is treated through the pre-concentration plant before 
being delivered to the concentrator. 
Primary Ore Upgrade Feed Waste
Primary Crusher Pre-Concentration Plant
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Secondly, pre-concentration receives a mixture of partially liberated ore and gangue and 
generates two material streams; one of relatively higher value that would be destined for 
the concentrator and one of relatively lower value that could be delivered to a waste dump, 
deferred stockpile or leach pad.   
Finally, the use of pre-concentration requires the determination of an upper and lower cut-
off grade defining the boundaries to distinguish primary ore, upgrade feed and waste for 
material extracted from the deposit (Claringbull & Mora 1985).  The optimisation of these 
cut-off grades would be performed with respect to the physical and chemical properties of 
extracted material, the economics of the operation and the constraints of production (Lane 
1988; Rendu 2008).   
The potential benefits of pre-concentration have been reported throughout the literature 
(Bamber 2008; Murphy, van Zyl & Domingo 2012; Salter & Wyatt 1991; Vincent 1981) and 
include:   
• A reduction in the cut-off grade between waste and ore which may permit an 
increase in the quantifiable reserves of a deposit.   
• A decrease in the total quantity of material allocated to the processing plant; 
reducing total processing costs, energy consumption, water consumption and 
tailings.  This may also facilitate a reduction in the size and capital requirements for 
the concentrator when designing greenfield projects. 
• An improvement in the head grade of plant feed that may increase the metallurgical 
recovery of upgraded ore at the processing plant. 
• Facilitation of bulk mining methods with reduced selectivity during extraction, 
providing dilution can be reversed cheaply and efficiently during pre-concentration. 
• The removal of deleterious elements, lowering the costs of subsequent treatment 
processes. 
• Improved waste management through the early classification and separation of 
potential acid generating material. 
• Reduced material transportation costs and energy requirements, providing pre-
concentration occurs in close proximity to the mining face and separated gangue can 
be stored nearby. 
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The most significant barriers to the adoption of pre-concentration reported by Bamber 
(2008) and Salter and Wyatt (1991) were: 
• Material processed through pre-concentration incurs an additional metallurgical 
recovery prior to treatment at the processing plant.  The combined product recovery 
for pre-concentration and the processing plant may result in a lower overall recovery 
of in-situ product for material allocated to pre-concentration when compared to the 
single-stage treatment of that material directly at the processing plant.     
• The additional capital costs and operating costs of pre-concentration.  
• Pre-concentration must compete with simpler and cheaper processing alternatives 
for an operation such as those that may be achieved through economies of scale.   
2.7.1. Pre-Concentration Techniques for Metalliferous Ore 
Pre-concentration techniques differ by application, specificity, feed preparation, throughput 
and capital and operating costs.  These parameters are critical in the determination of the 
optimal deployment and utilisation strategies for pre-concentration at new and existing 
projects.  Effective pre-concentration strategies may generate significant improvements in 
the value of operations and considerably reduce the energy and emission intensity of 
production.  The following techniques have proven applications for the pre-concentration of 
metalliferous ores.   
Sensor-Based, Mechanised Sorting 
Pre-concentration may be performed using sensor-based, mechanised sorting equipment 
(Sivamohan & Forssberg 1991; Wotruba & Harbeck 2010).  The process requires 
preparation of the feed to be analysed by crushing and screening to accommodate a 
defined size distribution.  The particles must be presented to the detector in a way that 
facilitates mechanised separation, often via a conveyor belt with low particle occupancy.  
Each particle is presented to a sensor employing a specific frequency of electromagnetic 
radiation to detect a characteristic of the particle that is used to decide whether it is 
accepted or rejected.  Depending on the penetrative properties of the electromagnetic 
frequency, the measurement may relate to the characteristics of the entire particle or only 
the surface of the particle.  The largest barriers to the adoption of sensor-based 
Chapter 2: Literature Review Michael Scott 
 
32 
mechanised sorting relate to extremely low material throughputs and very high operating 
costs (Table 2.2).   Table 2.2: Summary of Parameters for Pre-Concentration by Sensor-Based Sorting Parameter Descriptor Details Application  High A wide range of sensor technologies are available to exploit measurable differences between gangue and ore across the electromagnetic spectrum Specificity Very High Laboratory tests achieved up to 98% product recovery in 23% of the mass using optical and conductivity sensors for nickel-copper ore (Bamber 2008) Pilot plant tests achieved 70% product recovery in 6% of the mass using optical sensors at a gold waste dump (von Ketelhodt 2009) Feed Preparation Low Crushing and sizing; washing (optional) Throughput  Very Low 75-100 tph (TOMRA 2013) Capital Low USD $1.9M/Mt in 20041 (von Ketelhodt 2009) Operating Costs Very High USD $1.72/t in 20042 (von Ketelhodt 2009) 
 
Dense-Medium Separation 
Dense-medium separation is commonly employed as an efficient gravity separation 
technique for the beneficiation of coal, minerals and metals (Napier-Munn & Wills 2011).  
The process utilises a liquid or suspension of a specified density to exploit the separation 
of particles that differ in relative densities and either sink or float in the medium.  Dense-
medium separation has been successfully employed for the pre-concentration of silver-
lead-zinc ores at Mt Isa Mines since 1982 (Munro et al. 1982).   
  
                                            
1 Capital costs were based on the depreciation value of USD $846/day over 60 months assuming no residual 
value (von Ketelhodt 2009). 
2 Operating costs excluded depreciation and finance costs. 
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Table 2.3: Summary of Parameters for Pre-Concentration by Dense-Medium Separation  Parameter Descriptor Details Application Moderate Relies on an exploitable difference in the relative densities of ore and gangue that permit an efficient gravity separation Specificity High Dense-medium pre-concentration at Mt Isa Mines silver-lead-zinc operations recovered 97% of the product in 65-70% of the mass (Munro et al. 1982) Laboratory testing achieved 96% product recovery in 32% of the mass for a tin ore (Napier-Munn & Wills 2011)  Laboratory testing achieved 94% product recovery in 55% of the mass for a copper ore (Gül & Önal 2000) Feed Preparation Very Low Screening and washing; crushing (optional) Throughput  High 300-1,000 tph (Bamber 2008) Capital High USD $5.8M/Mt in 2006 (Bamber 2008) Operating Costs Very Low In the magnitude of cents per tonne (R2Mining 2013) 
 
Screening for the Natural Deportation of Grade by Size 
The geometallurgical properties of some mineralised formations exhibit a natural 
propensity for the fragmentation of valuable product to preferentially deport to finer size 
fractions during blasting and crushing (Bamber 2008; Burns & Grimes 1986; Claringbull & 
Mora 1985; Currasco-Tapia 2013).  The preferential fragmentation of valuable material 
during extraction creates an opportunity to cheaply remove significant volumes of coarse 
gangue and low-value material by screening ore prior to treatment.  Furthermore, the finer 
sized material sent to the plant often exhibits lower impact hardness and less resistance to 
grinding forces (Bamber 2008; Currasco-Tapia 2013).  These characteristics increase the 
throughput of the material in the plant and reduce the costs and energy requirements for 
treatment. 
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Table 2.4: Summary of Parameters for Pre-concentration by Screening for the Preferential Deportation of Valuable Minerals  Parameter Descriptor Details Application  Moderate Relies on the geometallurgical properties of the mineralised formation that encourages the natural deportation of valuable products to finer size fractions during blasting and/or crushing   Specificity Moderate  Pilot studies indicated 80-90% product recovery in 50% of the mass for crushing and trommel screening of a Au-Cu ore (Currasco-Tapia 2013) Test work indicated 83% Ni recovery and 99% Cu recovery in 63% of the mass with dry autogenous grinding (Bamber 2008) Operational screening of marginal grade Au-Cu ore recovered 60% of the product in 40% of the mass (Burns & Grimes 1986)     Feed Preparation Very Low Crushing (optional); dry autogenous grinding (optional) Throughput  Very High Screening capacity may be customised to meet throughput requirements  4,000 tph (Burns & Grimes 1986) Capital Very Low USD $0.02M/Mt in 2013 (R2Mining 2013) Operating Costs Very Low  Screening at less than a cent per tonne (R2Mining 2013) 
 
Selective Blasting and Screening 
Selective blasting refers to customised, three-dimensional blast patterns that are 
engineered to induce greater fragmentation of high-grade regions within in-situ material to 
facilitate separation of coarse waste by screening prior to treatment (Tordoir & Bye 2012).  
Selective blasting exploits the natural variability of in-situ mineralised material to increase 
the resolution at which ore and waste may be defined and weakens the requirements of 
selectivity during mining.  The process may be used to pre-concentrate ore within 
mineralised formations that do not naturally exhibit preferential deportation of valuable 
minerals to finer size fractions during extraction, or to further enhance this phenomenon.  
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Table 2.5: Summary of Parameters for Pre-concentration by Selective Blasting and Screening Parameter Descriptor Details Application High Selective blasting has the potential to be employed for any metalliferous open pit mining method Specificity High Upgrade factors of 2 to 2.5 times the scheduled plant feed grade for the extraction of a platinum ore (Tordoir & Bye 2012)  Feed Preparation Moderate Additional assays, 3D modelling and customised drill and blast designs Throughput  High  Screening capacity may be customised to meet throughput requirements  Additional assays, 3D modelling and customised drill and blast designs may reduce the mining rate Capital Costs Very Low USD $0.02M/Mt for heavy-duty, inclined screens  (R2Mining 2013) Operating Costs Moderate Screening at less than a cent per tonne (R2Mining 2013) Additional assays, 3D modelling and customised drill and blast designs increase pre-concentration costs 
 
The adoption and optimisation of pre-concentration techniques has the potential to 
significantly increase the value of an operation and reduce the energy and emission 
intensity of metalliferous production.  There are many publications addressing the testing 
programs for sensor-based, mechanised particle sorters (Böhme 1983; Lyaudet & Roche 
1996; von Ketelhodt 2009) and dense-medium separation (Gül & Önal 2000; Napier-Munn 
& Wills 2011).  However, in the limited cases where these techniques were adopted and 
utilised by an operation (Crundwell et al. 2011; De Cuyper & Lucion 1990; Munro et al. 
1982; Vatcha, Cochrane & Rousell 2000), they were incorporated exclusively within the 
processing circuits of the concentrator to treat processing streams from all run-of-mine ore.  
The adoption of pre-concentration as an independent treatment destination within an 
operation is extremely rare and the development of an optimal cut-off grade policy that 
incorporates pre-concentration in this manner is even less well understood.   
2.8. Cut-Off Grades 
The cut-off grade is used to decide between two or more potential actions to apply to a 
single unit of mineralised material, however only one of these actions will generate the 
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greatest possible value for the mining operation (Kelsey 1979).  The cut-off grade 
describes a set of geological characteristics, the simplest being contained product, that a 
unit of the resource must possess before it can be considered for treatment at a 
processing destination (Rendu 2008).  The value of a unit of mineralised material is 
determined by assessing the economic costs and benefits associated with sending that 
material to available processing destinations, with reference to the physical capacities of 
treatment pathways and technical constraints enforced by the chemical and physical 
characteristics of the material.   
The cut-off grade applied during any period will determine the quantity of extracted rock to 
be wasted, the quantity and average grade of ore that will be processed and the quantity 
of product that will be refined and sold (Lane 1988).  Therefore, cut-off grades are critical 
to the profitability of an operation, as well as the energy consumption and associated 
emissions attributable to production.   
The foundation of modern cut-off grade theory was established by Lane (1964, 1988).  
Lane (1964, 1988) derived the methodology for the optimum cut-off grade policy to 
maximise the present value of production from a deposit with consideration to the 
constraints governing the quantity of rock that can be mined, the quantity of ore that can 
be processed and the quantity of metal that can be refined and sold.  A summary of Lane’s 
theory has been provided in Appendix A.  The extension of Lane’s theory to include pre-
concentration as a discrete processing destination has been provided in Appendix B.  
There are many conservations regarding the application of Lane’s theory to the following 
points; the majority of which were discussed by Lane (1988): 
• Deposits containing multiple minerals of commercial value 
• Stockpiling policies 
• Optimisation of production capacities during project evaluation 
• Incorporation of geological and economic uncertainty 
• Complex operations with multiple treatment pathways 
• Incorporation of environmental and rehabilitation costs 
• Simultaneous optimisation of the ultimate pit, sequence and cut-off grade policy 
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The most pertinent of these to the examinations of this thesis relate to the application of 
Lane’s theory to multiple metals of commercial value in complex operations incorporating 
optimal stockpiling policies.   
2.8.1. Multiple Metals of Commercial Value 
The application of Lane’s theory to deposits containing multiple metals of commercial 
value introduces additional dimensions in the search for an optimal cut-off grade(s) to 
apply to a unit of the resource.  These additional dimensions negate the criteria proposed 
by Lane to identify the optimal cut-off grade from one of six candidates and create a near 
infinite combination of possible cut-off grades for individual metals that may represent the 
optimal solution (Osanloo & Ataei 2003).  The multidimensional problem may be simplified 
to a single dimension by expressing the value of contained products in a unit of the 
resource in terms of the equivalent metal content of a single product (Asad 2006; Lane 
1988; Osanloo & Ataei 2003; Rendu 2008).   
The use of equivalent grade permits the determination of the optimum cut-off grade policy 
using Lane’s methodology but it is subject to two fundamental limitations.  Firstly, the 
grade-tonnage distribution expressed as a metal equivalent grade requires recalculation 
for all remaining mining increments when relative variations in the sale price, the refining 
cost or recoveries of the marketable metals occur (Lane 1988; Rendu 2008).  This is 
because the grade-tonnage distribution expressed in metal equivalence represents an 
estimation of the combined value of contained metals within the material.  As such, the 
value estimation is sensitive to changes in economic conditions and metal recoveries.   
Secondly, the use of metal equivalence to optimise the cut-off grade policy of a 
mineralised deposit under Lane’s methodology is invalid when the refining capacity of one 
or more of the marketable metals is limiting the rate of production (Cetin & Dowd 2013; 
Lane 1988; Rendu 2008).  In this situation, the compression of the multidimensional grade 
distribution to a single metal equivalence will not recognise that production of one of the 
metals may be in excess of its refining capacity using Lane’s search criteria.  The optimum 
cut-off grade to apply to maximise the present value of the deposit may occupy any point 
within the multidimensional space of metal grades and tonnages (Osanloo & Ataei 2003).  
When this occurs, graphical search methods may be used to locate the optimum cut-off 
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grade combination to apply to the next unit of the resource (Asad 2005; Ataei & Osanloo 
2004; Cetin & Dowd 2013; Lane 1988; Osanloo & Ataei 2003).   
An alternative approach to the use of equivalent grade in Lane’s methodology to determine 
the optimal cut-off grades for deposits containing multiple products may be achieved using 
the cash flow grade ranking system developed by King (1999, 2000, 2001).  The cash flow 
grade ranking system represents the contribution of a unit of the resource to the cash flow 
of the operation by comparing the difference in the value of the resource if it were 
processed or wasted, incorporating the constraints of the operation during a fixed time 
period.  King (2000) has demonstrated the use of the cash flow grade ranking system to 
simultaneously optimise mine scheduling, cut-off grade, comminution and dilution policies 
using variable throughput properties of extracted material.   
The cash flow grade ranking system may be used to reduce the multidimensional cut-off 
grade problem to a single monetary dimension and used to rank available resource in a 
fixed time period with reference to the constraints of the operation.  However, this 
approach still requires the search of a multidimensional space to optimise the cut-off 
grades to apply when multiple constraints restrict production (King 1999, 2001). 
2.8.2. Complex Operations with Multiple Treatment Pathways 
Complex operations that contain multiple processing destinations that compete for the 
treatment of extracted material provide additional complexity and dimensions for the 
optimisation of the cut-off grade policy.  Asad and Dimitrakopoulos (2013) applied Lane’s 
theory to an operation involving two different leach treatment destinations and two different 
concentrators.  However, the operation they modelled contained no interactions between 
treatment destinations other than a potential constraint for the marketing and refining of 
recovered product, which was assumed to be unrestricted.  As such, the extraction, 
treatment and refining activities represent individual treatment pathways that could be 
optimised using Lane’s methodology applied to each processing destination.   
Rubio et al. (2006) examined the optimisation of mill feed at an operation with two different 
concentrators that exhibit distinct throughput and recovery characteristics for the treatment 
of discrete rock types extracted from the deposit.  Again, the examination did not include 
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any interactions between the alternative processing destinations and did not consider the 
refining or marketing of concentrate as a potential constraint to production.  This permitted 
the optimisation of mill feed by ranking blocks to be processed at each destination to 
maximise the value of the operation within the constraints for each concentrator.    
Dagdelen and Kawahata (2008) discuss the application of software for the simultaneous 
optimisation of mining sequence and cut-off grades for complex mining environments 
incorporating multiple treatment destinations, blending requirements and stockpiling.  They 
present the formulations of economic crossover cut-off grades between two processing 
destinations and the application of the software to an operation that includes interactions 
between treatment destinations.  However, Dagdelen and Kawahata (2008) do not discuss 
the optimisation procedure used to determine the optimal cut-off grade policy for the 
development of the deposit, other than mentioning the software utilises mixed integer 
linear programing techniques.     
2.8.3. Optimal Stockpiling Policies 
The optimisation of the cut-off grade policy for a deposit typically results in a declining cut-
off grade being applied to the extraction of material as the remaining resources within the 
deposit decrease (Lane 1988; Rendu 2008).  The nature of dynamic cut-off grades create 
an opportunity to stockpile intermediate grade ore that is above the minimum economic 
cut-off grade for deferred treatment but below the optimum cut-off grade for immediate 
treatment at the time it is mined (Asad 2005; Lane 1988).  The inclusion of a stockpile 
introduces an additional cut-off grade to distinguish intermediate grade ore to be stockpiled 
from uneconomic material to be wasted (Lane 1988).  Stockpiling also provides a source 
of intermediate grade ore that may be withdrawn and treated in parallel to extracted 
resources or upon exhaustion of resources contained within the deposit (Asad 2005).   
The formation of an optimal stockpiling policy is complicated by the timing of extraction 
and treatment of the intermediate grade ore and the potential deterioration of stockpiled 
ore during prolonged exposure to the climate of the operation (Lane 1988; Rendu 2008).  
These parameters influence the present value of stockpiling material at the operation and 
affect the grade and recovery of stockpiled ore when it is reclaimed and treated.  Further 
complications to the optimal stockpiling policy arise when the capacity for stockpiling ore at 
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an operation is restricted (Hall 1999).  These complications are often simplified by 
assuming an unlimited capacity for stockpiled material and either no deterioration or a 
fixed recovery penalty for the treatment of stockpiled ore (Asad 2005, 2006; Hall 1999).   
However, these assumptions are unlikely to result in an optimal stockpiling policy and 
ultimately the recovery of stockpiled material may only be determined by empirical 
measurement (Kelebek & Nanthakumar 2007; Nanthakumar 2007). 
2.8.4. Cut-Off Grades for Pre-Concentration 
Despite the importance of cut-off grades in maximising the value of a deposit, there is 
limited discussion and understanding in the literature regarding the impact of pre-
concentration as an independent treatment destination on the optimised cut-off grade 
policy for the development of a deposit.  Bamber (2008) suggests that pre-concentration 
may eliminate the need for cut-off grades to be employed at surface mining operations and 
implies that the entire mineralised region should be treated through pre-concentration with 
the cut-off grade becoming the grade of rejects from the pre-concentration plant.  This 
statement is misleading, for as long as treatment by pre-concentration incurs a cost there 
will exist a minimum economic cut-off grade to distinguish waste from pre-concentration. 
Furthermore, when deciding to allocated material to two alternative processing 
destinations a crossover cut-off grade will exists (Dagdelen & Kawahata 2008; Rendu 
2008).  For as long as pre-concentration incurs a cost and exhibits less than perfect 
metallurgical recovery of product, the allocation of material to pre-concentration must also 
compete with the alternative of sending the material directly to the processing plant.  This 
introduces a second cut-off grade that is required to optimise the allocation of material to 
pre-concentration and adds an additional dimension to the formulation of the optimal cut-
off grade policy to maximise the value of pre-concentration strategies.      
The fact that pre-concentration requires an additional cut-off grade was recognised by 
Claringbull and Mora (1985) during the evaluation of a screening plant for upgrading run-
of-mine material at Bougainville Copper Ltd.  Although their examination did not 
investigate the optimal cut-off grade policy for a deposit containing a discrete pre-
concentration plant, they present a number of upgrade scenarios that were used to define 
a suitable upgradeable range for amenable material.    
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2.9. Concluding Remarks 
This chapter has presented a review of the literature and established the significant 
challenges and possible remedies regarding the escalating energy consumption and 
associated greenhouse gas emissions of mining production.  The mining industry has 
historically triumphed in managing the relentless deterioration in the quality of resources 
employed in production.  However, recent investigations into the rapid decline in the 
multifactor productivity of the Australian mining industry indicate resource deterioration, 
supported by high commodity prices, has tipped the scales during the past decade.  
The industry’s increasing production from deteriorating resources has been associated 
with the escalation in the energy intensity and associated emissions from Australian 
mining production.  If production patterns remain unchanged, the energy required to 
generate a unit of Australian mining output will double every 20 years.   
Improvements in the energy-efficiency of equipment could yield substantial reductions in 
the energy consumption of mining production but the majority of these savings will require 
ongoing research and development before they eventuate.  Initial investigations in the 
energy-efficiency opportunities of the Australian mining industry have only identified minor 
energy reductions but have confirmed substantial financial benefits for reducing energy 
consumption.  These financial benefits may further increase with the introduction of 
emission pricing.   
The introduction of emission pricing in Australia has had a turbulent history and imposed 
significant costs on mining production.  Since its introduction, Australia has paid the 
highest global price on emissions and proposed legislation to repeal emission pricing in 
Australia has been announced.  There was considerable examination on the macro 
economic impact of the Australian emission price for the mining industry but the impact on 
individual operations is less examined.   
Regardless of the future of emission pricing in Australia, greater adoption of pre-
concentration technologies may support individual metalliferous operations in achieving 
significant reductions in energy and emission intensities of production and increase the 
value of operations.   
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Optimisation of the cut-off grade policy applied to the development of a mineralised 
deposit provides a strong platform from which to establish energy consumption and 
associated emissions generated by production.  The optimal cut-off grade policy identifies 
the destination of every tonne of material extracted from the deposit and may be used to 
examine the decisions of a profit maximising operation in response to changing economic 
conditions and alternative treatment destinations.   The optimal cut-off grade policy is used 
to examine the economic and production impacts from improved energy-efficiency of 
mining equipment, the introduction of emission pricing in Australia and the inclusion of pre-
concentration for the development of a metalliferous deposit in this thesis.    
The methodology for the optimisation of the cut-off grade policy to determine the energy 
consumption and associated emissions of metalliferous production is described in the next 
chapter.  A summary of Lane’s cut-off grade theory and its extension to pre-concentration 
is provided in Appendix A and B and forms the basis of the methodology described in the 
following chapter.     
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Chapter 3: Methodology for the Evaluation of Energy, 
Emissions and Economics of Production 
 
The current chapter presents the methodology employed for the novel quantification of 
energy consumption and associated emissions released during metalliferous production.  
The methodology derives the optimal cut-off grade and stockpiling policy for the 
development of a deposit with the unique inclusion of an independent treatment 
destination for pre-concentration.  The model was used to examine the case site described 
in Chapter 4 to determine the production impacts from energy-efficiency, emission pricing 
and pre-concentration presented in Chapters 6 and 7 relative to the baseline assessment 
established in Chapter 5.   
3.1. Context and Outline 
The model detailed in this chapter defines the methodology used to quantify the energy 
and emission intensities of metalliferous production through the derivation of the optimum 
cut-off grade policy for the development of a mineralised deposit.  The model is based on 
a modified version of Lane’s (1988) methodology and incorporates an independent pre-
concentration treatment destination within the formation of the optimal cut-off grade policy 
to maximise the present value of the deposit.  The inclusion of an optimal stockpiling 
strategy was necessary to ensure an accurate evaluation of competing pre-concentration 
and stockpiling strategies can be achieved.  The model utilises the resultant material 
allocations from the optimum cut-off grade policy to determine the energy requirements 
and associated emissions generated from production.  The procedure permits the 
investigation of alternative development strategies and changing economic conditions to 
establish their impact on energy, emissions and the present value of a project.   
The complexity of the interactions between treatment and storage destinations 
incorporated within the methodology is illustrated in Figure 3.1.  The optimal cut-off grades 
to direct feed (Gdf), pre-concentration (Gpc) and the minimum cut-off grade to stockpiling (gs) 
define the initial destination of extracted resources from the deposit.  The performance and 
location of pre-concentration facilities establish any rehandling requirements for upgraded 
ore and separated waste, while the relative value of treating stockpiled ore compared to 
Chapter 3: Methodology Michael Scott 
 
44 
extracted resource determines the timing and rehandling of the deferred stockpile.  These 
material movements must respect the capacity constraints of the operation and maximise 
the present value of the deposit. 
 Figure 3.1: Interactions of a Complex Operation Examined by the Methodology  
The interactions of upgraded ore from pre-concentration and ore sent directly to the   
concentrator introduce multiple combinations of feasible cut-off grades between these 
processes which must be considered when establishing the optimal cut-off grade policy for 
extracted resources.  The methodology performs the optimisation of these cut-off grades 
using a graphical search for the maximum feasible rate of change in the present value of 
the deposit at all possible combinations of the cut-off grades to direct feed and pre-
concentration (Appendix B).  The withdrawal of stockpiled ore is optimised independently 
of these cut-off grades.  Stockpiled ore will only be withdrawn when its value exceeds the 
value of treating direct feed and upgraded ore extracted from the resource or there is 
sufficient capacity in the operational components to rehandle and treat the stockpiled ore 
without displacing direct feed and upgraded ore from the deposit. 
The allocation of materials containing multiple metal products is performed using metal 
equivalence to express the combined value of contained metals as the equivalent grade of 
the primary metal.  The use of metal equivalence as a proxy for the economic value of 
extracted material honours the reporting and operating structure of the case site examined 
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and is acceptable under the assumptions employed by this thesis (refer to Section 
4.4.1.2).  
The variable unit costs for operational components are dependent on the geological 
characteristics of the extracted material and the prevailing economic conditions at the time 
they are incurred.  The costs for each operational component relating to energy 
consumption and associated emissions were separated from the non-energy base cost of 
production.  The segregation of energy and non-energy variable costs allows material 
dependent energy requirements for the development of each unit of the resource to be 
accrued separately to the time dependent cost of energy inputs within the model.  This 
supports the quantification of energy inputs consumed and associated emissions 
generated by operational components and facilitates the evaluation of the impact of 
changing economic conditions and operating strategies on the energy and emission 
intensities of production.   
The following section describes the input parameters required for the model.  Section 3.3 
provides a schematic representation of the iterative calculations and an overview of the 
methodology.  Section 3.4 details the individual steps and calculations for the procedure 
employed by the methodology and Section 3.5 provides concluding remarks for the 
chapter. 
3.2. Input Parameters of the Model  
The model requires input parameters to establish the optimal cut-off grade policy and the 
resultant energy consumption and associated emissions from production.  These input 
parameters describe the performance and physical capacities of operational components, 
the likely economic conditions of production, the energy requirements of equipment and 
processes, and the material characteristics of the deposit.  A summary of the input 
parameters required by the model is provided in Table 3.1. 
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Table 3.1: Summary of the Input Parameters required for the Model 
Parameter Description Symbol Unit Economic Parameters Metal Price The value of one unit of refined metal product  P $/unit  Mining Base Cost The non-energy, average variable cost for mining one tonne of rock in a given year mbase $/t  Concentrating Base Cost The non-energy, average variable costs for treating one tonne of ore in a given year cbase $/t  Refining Base Cost The non-energy, average variable costs for refining one unit of product in a given year rbase $/unit  Pre-Concentration Base Cost The non-energy, average variable cost for treating one tonne of ore by pre-concentration in a given year pcbase $/t  Stockpile mining Base Cost  The non-energy, average variable costs of mining one tonne of ore and preparing an area to stockpile the ore msbase $/t Stockpile Rehandle Base Cost The non-energy, average variable costs of rehandling one tonne of stockpiled ore in a given year sbase $/t  Stockpile Maintenance Cost The ongoing annual maintenance costs for stockpiling one tonne of ore fs $/t p.a. Fixed Costs The fixed cost of the operation for a given year f $ p.a. Diesel Price The average variable price for one litre of diesel in a given year d $/L Electricity Price The average variable price for one kilowatt hour of electricity in a given year l $/kWh Natural Gas Price The average variable price for one gigajoule of natural gas in a given year ng $/GJ Explosive price The average variable price for one kilogram of explosives in a given year ε $/kg Emission Price The average variable cost for emitting one tonne of scope 1 CO2e emissions in a given year e $/t CO2e Discount Rate The discount rate applied to the operation δ % Initial Capital Investment The present value of the initial capital investment for construction of the project CI $ Salvage Value The future salvage value of the operation upon exhaustion of the defined deposit SV $ Operational Capacities Mine Extraction Capacity The maximum quantity of rock that can be extracted from the deposit in a given year MExt t p.a. Mine Rehandling Capacity The maximum quantity of rock that can be rehandled in a given year in addition to the mine extraction capacity MRH t p.a. 
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Parameter Description Symbol Unit Operational Capacities Concentrator Capacity The maximum quantity of ore that can be treated in a given year C t p.a. Refining Capacity The maximum quantity of product that can be refined and sold in a given year R Units p.a. Pre-Concentration Capacity The maximum quantity of ore that can be allocated to pre-concentration in a given year PC t p.a. Stockpile Capacity The maximum quantity of ore that can accumulate in the stockpile S t Min Stockpile Withdrawal The minimum quantity of ore that can be withdrawn from the accumulated stockpile during the extraction of the deposit  Min(Tsw) t Performance Parameters Product Recovery The recovery of product at the concentrator ρc %  Pre-Concentration Mass Recovery The mass fraction of upgraded ore expressed as a percentage of total material allocated to pre-concentration μ %  Pre-Concentration Product  Recovery The product recovered in upgraded ore expressed as a percentage of total product allocated to pre-concentration ρpc %  Gravity Recovery of Gold The percentage of gravity recovered gold relative to total recoverable gold ρg %  Change in Stockpile Recovery The annual change in the recoverable product of stockpiled ore Φ % Required Resolution The required resolution of the cut-off grade analysis and the minimum grade to define cut-off grade intervals  cogres unit/t  Mining Energy Diesel (Ore) The average quantity of diesel required to mine one tonne of ore for a specific mining increment dmo L/t  Diesel (Waste) The average quantity of diesel required to mine one tonne of waste for a specific mining increment dmw L/t  Explosive (Ore) The average quantity of explosive required to mine one tonne of ore  xmo kg/t  Explosive (Waste) The average quantity of explosive required to mine one tonne of waste  εmw kg/t  Electricity (Rock) The average quantity of electricity required to mine one tonne of rock  lm kWh/t  Concentration Energy Electricity The average quantity of electricity required to concentrate one tonne of ore  lc kWh/t  
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Parameter Description Symbol Unit Refining Energy Natural Gas (Concentrate) The average quantity of natural gas required to refine one unit of product from concentrate  ngcon GJ/unit  Electricity (Concentrate) The average quantity of electricity required to refine one unit of product from concentrate  lcon kWh/unit  Electricity (Gravity Gold) The average quantity of electricity required to refine one unit of product from gravity recovered gold lg kWh/unit  Pre-Concentration Energy Diesel  The average quantity of diesel required to rehandle ore and waste generated by pre-concentration  dpc L/t  Explosive The additional quantity of explosive required to selectively blast material allocated to pre-concentration  εpc kg/t Electricity The average quantity of electricity required to pre-concentrate one tonne of ore lpc kWh/t  Stockpile Withdrawal Energy Diesel  The average quantity of diesel required to rehandle one tonne of stockpiled ore  ds L/t  Electricity The average quantity of electricity required to rehandle one tonne of stockpiled ore ls kWh/t  Tolerance for Convergence 
The tolerance is entered as a dollar amount and is used to define the maximum deviation of 
successive iterative calculations for the present value of the deposit. The tolerance range is defined 
as the present value of the deposit (V) ± the tolerance and convergence occurs when the present 
value of the deposit from the previous iteration is within the tolerance range of the active iteration.  Grade-Tonnage Distribution for Mining Increments 
The grade-tonnage distribution for each mining increment of the deposit is entered as the tonnage 
of material within a number of defined grade bins (b).  The bins are defined by the lower bound 
grade [g(b)] and the upper bound grade [g(b+1)], such that the upper bound grade of bin b is 
marginally less than the lower bound grade of bin b+1.  The grade-tonnage distribution for each 
mining increment is entered in the sequence they are scheduled to be mined. Ideally grade tonnage 
bins are entered at the required resolution for the cut-off grade analysis (cogres). 
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3.3. Schematic Representation of the Model 
A schematic representation and overview of the iterative procedure and calculations 
defining the methodology of this thesis is provided in Figure 3.2.  An iterative procedure is 
required because the optimum cut-off grade applied to an increment of the resource can 
only be established once the maximum present value of the deposit is known.  To 
determine the maximum present value of the deposit, the timing and size of cash flows 
resulting from the development of each increment of the resource must be known.  The 
timing and size of these cash flows can only be proven once the cut-off grades applied to 
each increment of the resource are known (King 2000).  Therefore the optimum cut-off 
grade policy and the maximum present value of the deposit must be determined through 
an iterative calculation of the timing and size of cash flows resulting from the development 
of each mining increment of the deposit.   
The model imports the input parameters summarised in Table 3.1 and updates time and 
material dependent variables during the iterative determination for the optimum cut-off 
grade policy for the deposit.  Once the present value of the deposit converges to be within 
the tolerance range of the previous iteration, the optimum cut-off grade policy and the 
maximum present value of the deposit have been established and the resultant energy 
consumption and associated emissions of production can be quantified.   
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 Figure 3.2: Schematic Representation of the Model 
Import Required Input Parameters
Start the First Mining Increment Select the Next Mining Increment
Construct Cut-Off Grade Intervals (k) for Each Mining Increment (n)
Set the Cut-Off Grade of Pre-Concentration (gpc)  
Assess the Material Movements if the Cut-Off Grade of Direct Feed to the Concentrator 
is Equal to Each Cut-Off Grade Interval  (gdf = k1, k2, ..., K)
Determine the Incremental Rate of Change in the Present Value of the Deposit 
Determine the Optimal Cut-Off Grade for Direct Feed (Gdf) 
Determine the Optimum Cut-Off Grade for Pre-Concentration (Gpc) 
Calculate the Cash Flow Generated from Each Mining Increment
Calculate the Present Value of the Deposit and the Opportunity Costs of Production
END
Calculate the Energy Consumption and Carbon Dioxide Equivalent Emissions from Production 
Calculate the NPV of the Project
Start Time = 0 
Present Value Deposit (V) = 0
Time Dependent and Material Dependent Variables 
=   Input Parameters
Present Value Deposit (V) = Previous Iteration 
Time Dependent and Material Dependent Variables 
= Previous Iteration
Start Time = End Time Previous Increment
Present Value ≠ Previous ± Tolerance Present Value = Previous ± Tolerance
Update Time Dependent and Material Dependent Variable Costs
First Iteration (I*=1)?Yes No
Start Next Iteration
Pre-Concentration Included?Yes No
gpc = The First Cut-Off Grade Intervalgpc = The Next Cut-Off Grade Interval
Adjust the Effective Capacities of Operational Components to account for                                                    
the Withdrawal of Stockpiled Ore Established During the Previous Iteration
First Iteration (I*=1)?Yes No
Pre-Concentration Included?Yes No
gpc = The Last Cut-Off Grade Interval? Yes
No
Establish the Material Movements at the Optimum Cut-Off Grade(s)
Calculate the Economic Cut-Off Grade for Stockpiling
Determine Allocations and Assess Withdrawals to/from the Accumulated Stockpile
Assess the Capacity of the Accumulated Stockpile and Update Stockpile Movements 
Calculate the Time Required to Develop the Mining Increment 
All Mining Increments Complete? Yes No
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3.4. Procedure 
The individual steps of the model for determining the optimal cut-off grade policy and the 
energy consumption and associated emissions generated by production are described 
below.  The methodology presented assumes no dilution and ore loss during mining 
activities.  A compilation of the notations for the methodology is provided in Appendix C.   
3.4.1. Mining Increments 
The model assumes that the ultimate pit and the mining sequence for the deposit have 
been predetermined and the decision to mine the ultimate pit has been made.  The 
mineralised deposit is entered into the model as a series of discrete mining increments in 
the chronological order they are to be extracted.  Each mining increment possesses a 
unique set of characteristics that are used to establish its optimum cut-off grade(s), 
resultant material allocations to treatment and storage destinations and the time required 
to develop the mining increment.  The complete set of cut-off grades for all mining 
increments of the deposit defines the cut-off grade policy and determines the present 
value and life of the deposit (Lane 1988).   
The optimal cut-off grade policy of the deposit is determined by iterative optimisation with 
reference to the present value of remaining resources and the opportunity costs of 
production.  During the first iteration, the present value of the deposit and the opportunity 
costs are set to zero and the cut-off grade(s) default to the minimum economic cut-off 
grade(s) for the component limiting the rate of production at each mining increment.  
Subsequent iterations use the present value and opportunity costs from the previous 
iteration to develop an increasingly accurate estimation for the optimal cut-off grade policy 
of the deposit.  The optimal cut-off grade policy, to maximise the present value from 
development of the deposit, is achieved upon convergence of the iterative calculations.   
Step 1: Import the Required Input Parameters 
Import the values for the required input parameters and the grade-tonnage distribution of 
each mining increment as described in Table 3.1.  The use of discrete grade-tonnage bins 
to represent the grade distribution of each mining increment follows the procedure of Asad 
(2006). 
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Step 2: Construct Cut-Off Grade Intervals at the Required Resolution 
For each mining increment (n), create cut-off grade intervals (k) at the required resolution 
for the cut-off grade analysis (cogres) and determine the tonnage of material [T(k)] and the 
quantity of product [Q(k)] contained in each cut-off grade interval.  The required resolution 
of the cut-off grade analysis represents the minimum increment in grade, or equivalent 
grade, used to allocate extracted material to treatment or storage destinations.  This step 
is not required if the resolution of the grade-tonnage bins (b) of all mining increments were 
imported at the required resolution for the cut-off grade analysis.  The calculations assume 
a continuous uniform distribution of tonnage, product and grade within each cut-off grade 
interval.  
𝑇(𝑘∗) = 𝑇(𝑏∗) × 𝑐𝑜𝑔𝑟𝑒𝑠
𝑔(𝑏∗ + 1) − 𝑔(𝑏∗) Eqn.  3.1 
𝑄(𝑘∗) = 𝑄(𝑏∗) × 𝑐𝑜𝑔𝑟𝑒𝑠
𝑔(𝑏∗ + 1) − 𝑔(𝑏∗) Eqn.  3.2 Where:  n = An individual mining increment k = An individual cut-off grade interval cogres = The required resolution for the cut-off grade analysis (g/t Aue3) T(k) = The tonnage of the cut-off grade interval k (t) Q(k) = The quantity of product in the cut-off grade interval k (g Aue) b = an individual grade-tonnage bin T(k*) = The tonnage of the selected cut-off grade interval (t) T(b*) = The tonnage of the selected grade-tonnage bin (t) g(b*+1) = The upper bound grade of the selected grade-tonnage bin (g/t Aue) g(b*) = The lower bound grade of the selected grade-tonnage bin (g/t Aue) Q(k*) = The quantity of product in the selected grade interval (g Aue) Q(b*) = The quantity of product in the selected grade-tonnage bin (g Aue) 
                                            
3 Aue refers to gold equivalent product 
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Step 3: Select the Next Mining Increment 
Select the next available mining increment. If the first mining increment is active (n*=1), 
set the start time equal to zero [τi(n*)=0] and the start year equal to zero [yi(n*)=0].  
Otherwise (n*≠1), set the start time equal to the end time of the previous mining increment 
[τi(n*) = τf(n*-1)] and  the start year equal to the end year of the previous mining 
increment [yi(n*) = yf(n*-1)]. 
Where:  n* = The active mining increment 
τi(n*) = The start time of the active mining increment (years) yi(n*) = The start year of the active mining increment (year) 
τf(n*-1) = The end time of the previous mining increment (years) yf(n*-1) = The end year of the previous mining increment (year) 
Step 4: Set the Present Value and Opportunity Costs 
If this is the first iteration for the cut-off grade policy of the deposit (I*=1), set the present 
value of remaining resources equal to zero (V=0) and the opportunity costs of production 
equal to zero (F=0). If this is not the first iteration for the cut-off grade policy of the deposit 
(I*≠1), set the present value of the remaining resources equal to the present value 
obtained from the previous iteration for the active mining increment [V(n*,I*) = V(n*,I*-1)] 
(Equation 3.140) and the opportunity costs of production equal to the previous value for 
the active mining increment [F(n*,I*) = F(n*,I*-1)] (Equation 3.141). 
Where:  I* = The active iteration of the deposit V = The present value of remaining resources ($) F = The opportunity costs of production ($) V(n*,I*) = The present value of remaining resources for the active mining increment at the active iteration ($) V(n*,I*-1) = The present value of remaining resources for the active mining increment at the previous iteration ($) F(n*,I*) = The opportunity costs of production for the active mining increment at the active iteration ($) F(n*,I*-1) = The opportunity costs of production for the active mining increment at the previous iteration ($) 
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3.4.2. Pre-concentration  
The inclusion of an independent treatment destination for the pre-concentration of 
extracted material creates two interacting cut-off grades for the immediate treatment of 
extracted resources.  These cut-off grades define the quantity and quality of ore sent 
directly to the concentrator and material treated at pre-concentration.  The performance of 
pre-concentration activities determines the quantity and quality of upgraded ore and low-
value waste it generates while the location of pre-concentration facilities defines the 
rehandling requirements for pre-concentrated material. The rehandling of pre-concentrated 
material requires available mining capacity and may reduce the rate of extraction of 
resources from the deposit.   
The model includes three locations for pre-concentration facilities which are: 
1. The Concentrator: the pre-concentration of material at the concentrator requires the 
rehandling of low-value pre-concentrated material to the waste dump. 
2. The Waste Dump: the pre-concentration of material at the waste dump requires the 
rehandling of upgraded ore to the concentrator. 
3. The Mine Face: the pre-concentration of material during extraction and handling at 
the mine face eliminates the need for mobile mining equipment to rehandle pre-
concentrated material to its ultimate destination.   
The optimum combination of cut-off grades to send extracted ore directly to the 
concentrator (Gdf) and extracted material to pre-concentration (Gpc) must be determined to 
define the optimal cut-off grade policy for the deposit (G).  The methodology performs the 
optimisation of these cut-off grades by selecting the maximum incremental rate of change 
in the present value of the deposit with respect to resource usage (v) from all feasible 
combinations of cut-off grades to direct feed and pre-concentration.  The incremental rate 
of change in the present value of the deposit (v) is calculated using a modified version of 
Lane’s (1988) formulations to include pre-concentration as a treatment destination and the 
rehandling requirements for pre-concentrated material.  The derivation of these equations 
is detailed in Appendix B and assumes the cost, throughput and recovery for treating one 
tonne of upgraded ore at the concentrator is identical to that of one tonne of direct feed. 
Chapter 3: Methodology Michael Scott 
 
55 
The optimisation for the optimum cut-off grade combination applied to direct feed and pre-
concentration is performed in two stages.   
1. The incremental rate of change in the present value of the deposit with resource 
usage is determined at the optimal cut-off grade to direct feed for all possible cut-off 
grades to pre-concentration [v(Gdf, gpc)].   
2. The optimum combination of cut-off grades to direct feed and pre-concentration is 
then identified from the maximum of all incremental rates of change in the present 
value of the deposit examined in the first stage [V(G) = Max v(Gdf, gpc)].    
Step 5: Set the Cut-Off Grade for Pre-concentration 
This step is not required if pre-concentration is not included in the scenario being 
examined.  Set the cut-off grade for pre-concentration (gpc) equal to the lower bound grade 
of the next cut-off grade interval [g(k)].  If this is the first pre-concentration cut-off grade to 
be examined, set the cut-off grade for pre-concentration equal to the lower bound grade of 
the first cut-off grade interval [gpc=g(k1)].   
Where:  gpc = The cut-off grade for pre-concentration (g/t Aue) g(k) = The lower bound grade of a cut-off grade interval (g/t Aue) g(k1) = The lower bound grade of the first cut-off grade interval (g/t Aue) 
Step 6: Determine the Material Movements at all Possible Cut-Off Grades to Direct Feed 
Calculate the total tonnage of material sent to direct feed (Tdf) and pre-concentration (Tpc) 
if the cut-off grade for direct feed is equal to the lower bound grade in each cut-off grade 
interval [gdf=g(k*)].   If pre-concentration is not included in the scenario examined, then: 
𝑇𝑑𝑓(𝑘∗) = � 𝑇(𝑘)𝐾
𝑘=𝑘∗
 Eqn.  3.3 
If the selected cut-off grade to direct feed is less than the fixed cut-off grade to pre-concentration (gdf < gpc), then: 
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𝑇𝑑𝑓(𝑘∗) = � 𝑇(𝑘)𝑘=𝑘𝑔𝑝𝑐−1
𝑘=𝑘∗
 Eqn.  3.4 
𝑇𝑝𝑐(𝑘∗) = � 𝑇(𝑘)𝐾
𝑘=𝑘𝑔𝑝𝑐
 Eqn.  3.5 
If the selected cut-off grade to direct feed is greater than the fixed cut-off grade to pre-concentration (gdf > gpc), then: 
𝑇𝑑𝑓(𝑘∗) = � 𝑇(𝑘)𝐾
𝑘=𝑘∗
 Eqn.  3.6 
𝑇𝑝𝑐(𝑘∗) = � 𝑇(𝑘)𝑘=𝑘∗−1
𝑘=𝑘𝑔𝑝𝑐
 Eqn.  3.7 
Where:  Tdf = The tonnage of ore sent as direct feed to the concentrator (t) Tpc = The tonnage of material sent to pre-concentration (t) gdf = The cut-off grade for direct feed to the concentrator (g/t Aue) g(k*) = The lower bound grade of the selected cut-off grade interval (g/t Aue) Tdf(k*) = The tonnage of direct feed to the concentrator if the selected cut-off grade interval is equal to the cut-off grade for direct feed (t) k = An individual cut-off grade interval  k* = The selected cut-off grade interval  K = The total number of cut-off grade intervals T(k) = The tonnage of cut-off grade interval k (t) kgpc-1 = The cut-off grade interval one below the cut-off grade interval for the fixed cut-off grade to pre-concentration Tpc(k*) = The tonnage of material sent to pre-concentration if the selected cut-off grade interval is equal to the cut-off grade for direct feed (t) kgpc = The cut-off grade interval corresponding to the fixed cut-off grade for pre-concentration k*-1 = The cut-off grade interval one below the selected cut-off grade interval 
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Step 7: Calculate the Product Contained in the Material Movements 
For all material movements examined in step 6, calculate the product contained in the 
material allocated to direct feed (Qdf) and pre-concentration (Qpc).   If pre-concentration is not included in the scenario examined, then: 
𝑄𝑑𝑓(𝑘∗) = � 𝑄(𝑘)𝐾
𝑘=𝑘∗
 Eqn.  3.8 
If the selected cut-off grade to direct feed is less than the fixed cut-off grade to pre-concentration (gdf < gpc), then: 
𝑄𝑑𝑓(𝑘∗) = � 𝑄(𝑘)𝑘=𝑘𝑔𝑝𝑐−1
𝑘=𝑘∗
 Eqn.  3.9 
𝑄𝑝𝑐(𝑘∗) = � 𝑄(𝑘)𝐾
𝑘=𝑘𝑔𝑝𝑐
 Eqn.  3.10 
If the selected cut-off grade to direct feed is greater than the fixed cut-off grade to pre-concentration (gdf < gpc), then: 
𝑄𝑑𝑓(𝑘∗) = � 𝑄(𝑘)𝐾
𝑘=𝑘∗
 Eqn.  3.11 
𝑄𝑝𝑐(𝑘∗) = � 𝑄(𝑘)𝑘=𝑘∗−1
𝑘=𝑘𝑔𝑝𝑐
 Eqn.  3.12 
Where:  Qdf = The product contained in the direct feed to the concentrator (g Aue) Qpc = The product contained in the material sent to pre-concentration (g Aue) Qdf(k*) = The product contained in direct feed to the concentrator if the selected cut-off grade interval is equal to the cut-off grade for direct feed (g Aue) Q(k) = The product contained in cut-off grade interval k (g Aue) Qpc(k*) = The product contained in material allocated to pre-concentration if the selected cut-off grade interval is equal to the cut-off grade for direct feed (g Aue) 
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Step 8: Calculate the Average Grade for the Material Movements 
Determine the average grade of direct feed (ḡdf), pre-concentration (ḡpc) and the average 
grade of direct feed and upgraded ore treated at the concentrator (ḡc) from the material 
movements examined in step 6 and the contained product calculated in step 7.   
?̅?𝑑𝑓(𝑘∗) = 𝑄𝑑𝑓(𝑘∗)𝑇𝑑𝑓(𝑘∗) Eqn.  3.13 
?̅?𝑝𝑐(𝑘∗) = 𝑄𝑝𝑐(𝑘∗)𝑇𝑝𝑐(𝑘∗) Eqn.  3.14 
?̅?𝑐(𝑘∗) = 𝑄𝑑𝑓(𝑘∗) + 𝑄𝑝𝑐(𝑘∗) × 𝜌𝑝𝑐𝑇𝑑𝑓(𝑘∗) + 𝑇𝑝𝑐(𝑘∗) × 𝜇  Eqn.  3.15 Where:  
ḡdf = The average grade of direct feed to the concentrator (g/t Aue) 
ḡpc = The average grade of material sent to pre-concentration (g/t Aue) 
ḡc = The average grade of ore sent to the concentrator (g/t Aue) 
ḡdf(k*) = The average grade of direct feed to the concentrator if the selected cut-off grade interval is equal to the cut-off grade for direct feed (g/t Aue)  
ḡpc(k*) = The average grade of material sent to pre-concentration if the selected cut-off grade interval is equal to the cut-off grade for direct feed (g/t Aue) 
ḡc(k*) = The average grade of direct feed and upgraded ore treated at the concentrator if the selected cut-off grade interval is the cut-off grade for direct feed (g/t Aue) 
ρpc = The product recovered in upgraded ore during pre-concentration expressed as a percentage of the total product contained in the material treated by pre-concentration (%) 
μ = The mass fraction of upgraded ore from pre-concentration expressed as a percentage of the total mass treated by pre-concentration (%) 
Step 9: Calculate the Material Ratios for the Material Movements 
For the material movements examined in step 6, calculate the material ratios for direct 
feed to total material mined (α), pre-concentration to total material mined (β) and direct 
feed and upgraded ore sent to the concentrator to total material mined (x) for the active 
mining increment.     
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𝛼(𝑘∗) = 𝑇𝑑𝑓(𝑘∗)
𝑇(𝑛∗)  Eqn.  3.16 
𝛽(𝑘∗) = 𝑇𝑝𝑐(𝑘∗)
𝑇(𝑛∗)  Eqn.  3.17 
𝑥(𝑘∗) = 𝑇𝑑𝑓(𝑘∗) + 𝑇𝑝𝑐(𝑘∗) × 𝜇
𝑇(𝑛∗) = 𝛼 + 𝛽 × 𝜇 Eqn.  3.18 Where:  
α = The ratio of direct feed to total material mined 
β = The ratio of material sent pre-concentration to total material mined x = The ratio of direct feed and upgraded ore to total material mined 
α(k*) = The ratio of direct feed to total material mined if the selected cut-off grade interval is equal to the cut-off grade for direct feed T(n*) = The tonnage of the active mining increment (t) 
β(k*) = The ratio of material sent to pre-concentration to total material mined if the selected cut-off grade interval is equal to the cut-off grade for direct feed x(k*) = The ratio of direct feed and upgraded ore to total material mined if the selected cut-off grade interval is equal to the cut-off grade for direct feed 
3.4.3. Effective Component Capacities  
The formulation of the optimal cut-off grade policy for the deposit must be made with 
reference to the effective capacities of operational components that are available during 
the active mining increment.  The rehandling and treatment of stockpiled ore during the 
active mining increment reduces the time and operational capacities available for mining, 
treating and refining resources extracted from the deposit (Lane 1988).  The incremental 
rate of change in the present value of extracted material must be determined under the 
reduced capacities of operational components (MEff, CEff, REff) and the proportion of time 
dependent costs (f+F) attributable to the available time for run-of-mine material (1-τs) 
(Lane 1988).    
Stockpile withdrawals are determined retrospectively by the model once the complete cut-
off grade policy for the deposit has been established.  The quantity of material withdrawn 
from the accumulated stockpile at the active mining increment is taken from the previous 
iteration of the cut-off grade policy for the deposit and used as an estimate of the optimal 
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stockpiling strategy for the operation.  The use of information from the previous iteration 
generates an increasingly accurate determination of the effective capacities of operational 
components available for run-of mine material as the iterative calculations converge.  To 
reduce additional complexity in the formulation of an optimal cut-off grade policy, the 
methodology assumes that ore withdrawn from a stockpile may not be treated through pre-
concentration.  The removal of this assumption is an area of recommendation for future 
research.     
The mining capacity available at each mining increment is divided into two categories; the 
capacity available for the extraction of resources from the deposit (MExt) and any additional 
capacity available for the rehandling of material (MRH).  The segregation of these two 
mining activities ensures that any constraints that limit the rate of extraction of the deposit 
or the rate at which pre-concentrated or stockpiled material may be rehandled are included 
in the determination of the optimum cut-off grade policy.  The calculations for the effective 
mining capacity assume that the capacity required to rehandle material is equivalent and 
perfectly substitutable with the capacity required to extract material from the active mining 
increment.  However, to respect constraints that limit the rate of extraction of the deposit, 
any additional mining capacity to rehandle material at the active mining increment may not 
be used to increase the rate of extraction of the deposit.    
Step 10: Effective Capacities of Operational Components 
If this is the first iteration for the cut-off grade policy of the deposit (I*=1), then no stockpile 
withdrawals have been assessed and no adjustments to the effective capacities of 
production components are required.  If this is not the first iteration for the cut-off grade 
policy of the deposit (I*≠1), the stockpile withdrawal that occurred during the previous 
iteration of the active mining increment [Tsw(n*,I*-1)] is used to adjust the component 
capacities available for the extraction and treatment of material during the current iteration.  
No adjustment to the pre-concentration capacity is required under the assumption that 
stockpiled material cannot be treated through pre-concentration.      
 𝑀𝐸𝑓𝑓(𝑛∗) = 𝑀𝐸𝑥𝑡(𝑛∗) + 𝑀𝑅𝐻(𝑛∗) − 𝑇𝑠𝑤(𝑛∗, 𝐼∗ − 1) Eqn.  3.19 
 𝐶𝐸𝑓𝑓(𝑛∗) = 𝐶(𝑛∗) − 𝑇𝑠𝑤(𝑛∗, 𝐼∗ − 1) Eqn.  3.20 
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 𝑅𝐸𝑓𝑓(𝑛∗) = 𝑅(𝑛∗) − 𝑄𝑠𝑤(𝑛∗, 𝐼∗ − 1) × 𝜌𝑐 × 𝜌𝑠 Eqn.  3.21 Where:  MEff(n*) = The effective mining capacity available to extract material from the deposit and rehandle material during the active mining increment (t p.a.) MExt(n*) = The mining capacity available to extract material from the deposit during the active mining increment (t p.a.) MRH(n*) = The additional mining capacity available to rehandle material during the active mining increment (t p.a.) Tsw(n*, I*-1) = The tonnage of material withdrawn from the stockpile during the active mining increment from the previous iteration (t)  CEff(n*) = The effective capacity of the concentrator to treat direct feed and upgraded ore extracted from the deposit during the active mining increment (t p.a.) C(n*) = The capacity of the concentrator at the active mining increment (t p.a.) REff(n*) = The effective capacity of marketing and refining the recovered product from direct feed and upgraded ore extracted from the deposit during the active mining increment (g Aue p.a.) R(n*) = The capacity of marketing and refining the product recovered during the active mining increment (g Aue p.a.) 
ρs = The adjustment factor for stockpiled material recovery at the treatment destination (%) (Equation 3.53) 
Step 11: Determine the Incremental Rate of Change in the Present Value of the Deposit 
Determine the incremental rate of change in the present value of the deposit with usage of 
the resource (v) if the cut-off grade for direct feed is equal to the lower bound grade of 
each cut-off grade interval [gdf=g(k*)] under the fixed cut-off grade for pre-concentration 
(gpc), set in step 5.  The calculation for the incremental rate of change in the present value 
of the deposit under a mining (vm), pre-concentration (vpc), concentrator (vc) and refining 
constraint (vr) requires:  
• the average grade of direct feed and upgraded ore treated at the concentrator (ḡc) 
and determined in step 8,  
• the material ratios for ore treated at the concentrator (x) and material treated at pre-
concentration (β) to that of total material mined as calculated in step 9,  
• the effective component capacities available for the extraction and treatment of 
material mined during the active mining increment (MEff, CEff, and REff) in step 10, and 
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• the total time required to rehandle, treat and refine any stockpile withdrawals that 
occurred during the previous iteration of the active mining increment (τsw).  
It is assumed that when the stockpiled material is rehandled and processed the capacity of 
the concentrator is limiting the rate of treatment of the material (King 2009; Lane 1988).  
The time required to mine a unit of the resource (τm) must respect constraints that may 
limit the rate at which the resource can be extracted from the deposit, as well as, the 
capacity of the mining fleet to rehandle extracted material from pre-concentration activities.  
There are three possible forms that the time required to mine a unit of the resource can 
take and these are dependent on the rehandling requirements of pre-concentration.   If the pre-concentration facilities are located at the mill and pre-concentrated waste is rehandled with the existing mining fleet, then: 
𝜏𝑚 = Max �1 + 𝛽 × (1 − 𝜇)𝑀𝐸𝑓𝑓(𝑛∗)  𝑜𝑟 1𝑀𝐸𝑥𝑡(𝑛∗)� Eqn.  3.22 If the pre-concentration facilities are located at the waste dump and upgraded ore is rehandled with the existing mining fleet, then:  
𝜏𝑚 = Max �1 + 𝛽 × 𝜇𝑀𝐸𝑓𝑓(𝑛∗)  𝑜𝑟 1𝑀𝐸𝑥𝑡(𝑛∗)� Eqn.  3.23 
If the pre-concentration facilities are located at the mine face or pre-concentrated material is not rehandled with the mining fleet, then: 
𝜏𝑚 = Max � 1𝑀𝐸𝑓𝑓(𝑛∗)  𝑜𝑟 1𝑀𝐸𝑥𝑡(𝑛∗)� Eqn.  3.24 For all instances: 
𝑣𝑚(𝑘∗) = (𝑃 − 𝑟). ?̅?𝑐(𝑘∗). 𝑥(𝑘∗). 𝜌𝑐 − 𝑥(𝑘∗). 𝑐 − 𝛽(𝑘∗). 𝑝𝑐 − 𝑚 − 𝜏𝑚. (𝑓 + 𝐹). (1 − 𝜏𝑠𝑤) Eqn.  3.25 
𝑣𝑐(𝑘∗) = (𝑃 − 𝑟). ?̅?𝑐(𝑘∗). 𝑥(𝑘∗). 𝜌𝑐 − 𝑥(𝑘∗). 𝑐 − 𝛽(𝑘∗). 𝑝𝑐 − 𝑚 − 𝑥(𝑘∗). (𝑓 + 𝐹). (1 − 𝜏𝑠𝑤)𝐶𝐸𝑓𝑓(𝑛∗)  Eqn.  3.26 
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𝑣𝑝𝑐(𝑘∗) = (𝑃 − 𝑟). ?̅?𝑐(𝑘∗). 𝑥(𝑘∗). 𝜌𝑐 − 𝑥(𝑘∗). 𝑐 − 𝛽(𝑘∗). 𝑝𝑐 − 𝑚 − 𝛽(𝑘∗). (𝑓 + 𝐹). (1 − 𝜏𝑠𝑤)𝑃𝐶(𝑛∗)  Eqn.  3.27 
𝑣𝑟(𝑘∗) = (𝑃 − 𝑟). ?̅?𝑐(𝑘∗). 𝑥(𝑘∗). 𝜌𝑐 − 𝑥(𝑘∗). 𝑐 − 𝛽(𝑘∗). 𝑝𝑐 − 𝑚 − ?̅?𝑐(𝑘∗). 𝑥(𝑘∗). 𝑦. (𝑓 + 𝐹). (1 − 𝜏𝑠𝑤)𝑅𝐸𝑓𝑓(𝑛∗)  Eqn.  3.28 
𝜏𝑠𝑤 = 𝑇𝑠𝑤(𝑛∗, 𝐼∗ − 1)𝐶𝐸𝑓𝑓(𝑛∗)  Eqn.  3.29 Where:  vm = The incremental rate of change in present value of the deposit under a mining constraint ($/t) vpc = The incremental rate of change in present value of the deposit under a pre-concentration constraint ($/t) vc = The incremental rate of change in present value of the deposit under a concentrator constraint ($/t) vr = The incremental rate of change in present value of the deposit under a marketing or refining constraint ($/t) 
τsw = The total time required to rehandle, treat, market and refine the ore withdrawn from a stockpile from the previous iteration of the mining increment (years) 
τm = The time required to extract and rehandle one tonne of the resource (years) vm(k*) = The incremental rate of change in present value of the deposit under a mining constraint if the selected cut-off grade interval is equal to the cut-off grade for direct feed ($/t) P = The sale price for a unit of the refined product ($/g Au) r = The cost of refining a unit of product ($/g Au) 
ρc = The recovery of product from ore treated at the concentrator (%) c = The cost of treating one tonne of ore at the concentrator ($/t) pc = The cost of treating one tonne of material at pre-concentration ($/t) m = The average cost of mining one tonne of material ($/t) f = The fixed costs of production ($ p.a.) vc(k*) = The incremental rate of change in present value of the deposit under a concentrator constraint if the selected cut-off grade interval is equal to the cut-off grade for direct feed ($/t) ($/t) vpc(k*) = The incremental rate of change in present value of the deposit under a pre-concentration constraint if the selected cut-off grade interval is equal to the cut-off grade for direct feed ($/t) PC(n*) = The available capacity of pre-concentration facilities during the active mining increment (t p.a.) vr(k*) = The rate of change in present value of the deposit under a marketing  or refining constraint if the selected cut-off grade interval is equal to the cut-off grade for direct feed ($/t)  
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Step 12: Find the Limiting Capacities and the Optimal Cut-Off Grade for Direct Feed   
Find the limiting incremental rate of change in the present value of the deposit (vlim) at 
each cut-off grade interval and determine the optimal cut-off grade for direct feed (Gdf) at 
the fixed cut-off grade for pre-concentration (gpc).  The effective component capacity (or 
capacities) limiting the development of the active mining increment at each cut-off grade 
interval is the effective component capacity (or capacities) associated with the minimum 
incremental rate of change in the present value of the deposit (vm, vc, vpc, and vr) (Lane 
1988).  The optimal cut-off grade for direct feed at the fixed pre-concentration cut-off grade 
being examined (Gdf[gpc=g(k)]) is the cut-off grade corresponding to the maximum of all 
limiting incremental changes in the present value of the deposit over all cut-off grade 
intervals examined (Lane 1988).   
𝑣𝑙𝑖𝑚(𝑘∗) = Min�𝑣𝑚(𝑘∗), 𝑣𝑐(𝑘∗), 𝑣𝑝𝑐(𝑘∗), 𝑣𝑟(𝑘∗)� Eqn.  3.30 
𝑣[𝐺𝑑𝑓 , 𝑔𝑝𝑐 = 𝑔(𝑘)] = Max{𝑣𝑙𝑖𝑚(𝑘1), 𝑣𝑙𝑖𝑚(𝑘2), … , 𝑣𝑙𝑖𝑚(𝐾)} Eqn.  3.31 
𝐺𝑑𝑓[𝑔𝑝𝑐 = 𝑔(𝑘)] = g𝑑𝑓 ∈ 𝑣[𝐺𝑑𝑓 , 𝑔𝑝𝑐 = 𝑔(𝑘)] Eqn.  3.32 Where:  vlim = The limiting incremental rate of change in present value of the deposit ($/t) Gdf = The optimum cut-off grade for direct feed (g/t Aue) vlim(k*) = The limiting incremental rate of change in present value of the deposit under the component constraints for the selected cut-off grade interval ($/t) v[Gdf,gpc=g(k)] = The incremental rate of change in present value of the deposit under the optimum cut-off grade for direct feed and the fixed cut-off grade for pre-concentration ($/t) vlim(k1) = The limiting incremental rate of change in present value of the deposit under the effective component constraints at the first cut-off grade interval ($/t) vlim(k2) = The limiting incremental rate of change in present value of the deposit under the effective component constraints at the second cut-off grade interval ($/t) vlim(K) = The limiting incremental rate of change in present value of the deposit under the effective component constraints at the final cut-off grade interval ($/t) Gdf[gpc=g(k)] = The optimum cut-off grade for direct feed at the fixed cut-off grade for pre-concentration (g/t Aue) 
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Step 13: Select the Next Cut-Off Grade for Pre-Concentration 
If the fixed cut-off grade for pre-concentration is not equal to the lower bound grade of the 
last cut-off grade interval [gpc≠g(K)], then go to step 5 and select the next cut-off grade for 
pre-concentration.  Otherwise, go to step 14. 
Step 14: Determine the Optimum Cut-Off Grades for Pre-Concentration and Direct Feed 
Find the optimum combination of cut-off grades for pre-concentration and direct feed to 
form the optimal cut-off grade policy of the deposit (G) for the active mining increment.  
The optimum cut-off grade combination corresponds to the maximum incremental change 
in the present value of the deposit from the complete set of optimal cut-off grades for direct 
feed at each cut-off grade interval examined for pre-concentration.   
𝑣(𝐺𝑑𝑓 , 𝐺𝑝𝑐) = Max�𝑣�𝐺𝑑𝑓 , 𝑔𝑝𝑐 = 𝑔(𝑘1)�, 𝑣�𝐺𝑑𝑓 , 𝑔𝑝𝑐 = 𝑔(𝑘1)�, … , 𝑣�𝐺𝑑𝑓 , 𝑔𝑝𝑐 = 𝑔(𝐾)�� Eqn.  3.33 
𝐺(𝑛∗) = 𝐺𝑑𝑓 ∈ 𝑣�𝐺𝑑𝑓 , 𝐺𝑝𝑐� 𝑎𝑛𝑑 𝐺𝑝𝑐 ∈ 𝑣(𝐺𝑑𝑓 , 𝐺𝑝𝑐)  Eqn.  3.34 Where:  v(Gdf, Gpc) = The incremental rate of change in present value of the deposit at the optimum cut-off grade for direct feed and pre-concentration ($/t) v(Gdf[gpc=g(k1)]) = The incremental rate of change in present value of the deposit under the optimum cut-off grade for direct feed and the first cut-off grade for pre-concentration ($/t) v(Gdf[gpc=g(k2)]) = The incremental rate of change in present value of the deposit under the optimum cut-off grade for direct feed and the second cut-off grade for pre-concentration ($/t) v(Gdf[gpc=g(K)]) = The incremental rate of change in present value of the deposit under the optimum cut-off grade for direct feed and the final cut-off grade for pre-concentration ($/t) G(n*) = The optimum combination of cut-off grades for direct feed and pre-concentration at the active mining increment (g/t Aue) Gdf = The optimum cut-off grade for direct feed (g/t Aue) Gpc = The optimum cut-off grade for pre-concentration (g/t Aue) 
Step 15: Determine the Material Movements at the Optimum Cut-Off Grades 
Determine the material movements to direct feed and pre-concentration under the 
optimum cut-off grades for direct feed and pre-concentration determined in step 14.   
Chapter 3: Methodology Michael Scott 
 
66 
If pre-concentration is not included in the scenario examined, then: 
𝑇𝑑𝑓(𝐺) = � 𝑇(𝑘)𝐾
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.35 
If the optimum cut-off grade to direct feed is less than the optimum cut-off grade to pre-concentration (Gdf < Gpc), then: 
𝑇𝑑𝑓(𝐺) = � 𝑇(𝑘)𝑘=𝑘𝐺𝑝𝑐−1
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.36 
𝑇𝑝𝑐(𝐺) = � 𝑇(𝑘)𝐾
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.37 
If the optimum cut-off grade to direct feed is greater than the optimum cut-off grade to pre-concentration (Gdf > Gpc), then: 
𝑇𝑑𝑓(𝐺) = � 𝑇(𝑘)𝐾
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.38 
𝑇𝑝𝑐(𝐺) = � 𝑇(𝑘)𝑘=𝑘𝐺𝑑𝑓−1
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.39 
Where:  Tdf(G) = The tonnage of direct feed under the optimum cut-off grades for direct feed and pre-concentration (t) kGdf = The cut-off grade interval for the optimum cut-off grade to direct feed  kGpc-1 = The cut-off grade interval one below the optimum cut-off grade to pre-concentration  Tpc(G) = The tonnage of material to pre-concentration under the optimum cut-off grades for direct feed and pre-concentration (t) kGpc = The cut-off grade interval for the optimum cut-off grade to pre-concentration  kGdf-1 = The cut-off grade interval one below the optimum cut-off grade to direct feed  
Step 16: Determine the Product Contained in the Optimal Material Movements 
Calculate the product contained in the material allocations to direct feed and pre-
concentration at the optimum cut-off grades to direct feed and pre-concentration.   
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If pre-concentration is not included in the scenario examined, then: 
𝑄𝑑𝑓(𝐺) = � 𝑄(𝑘)𝐾
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.40 
If the optimum cut-off grade to direct feed is less than the optimum cut-off grade to pre-concentration (Gdf < Gpc), then: 
𝑄𝑑𝑓(𝐺) = � 𝑄(𝑘)𝑘=𝑘𝐺𝑝𝑐−1
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.41 
𝑄𝑝𝑐(𝐺) = � 𝑄(𝑘)𝐾
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.42 
If the optimum cut-off grade to direct feed is greater than the optimum cut-off grade to pre-concentration (Gdf > Gpc), then: 
𝑄𝑑𝑓(𝐺) = � 𝑄(𝑘)𝐾
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.43 
𝑄𝑝𝑐(𝐺) = � 𝑞(𝑘)𝑘=𝑘𝐺𝑑𝑓−1
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.44 
Where:  Qdf(G) = The product contained in direct feed at the optimum cut-off grades for direct feed and pre-concentration (g Aue) Qpc(G) = The product contained in material sent to pre-concentration at the optimum cut-off grades for direct feed and pre-concentration (g Aue) 
Step 17: Calculate the Grade of the Optimal Material Movements 
Calculate the average grade of the material allocations to direct feed, pre-concentration 
and the average grade of direct feed and upgraded ore sent to the concentrator at the 
optimum cut-off grades for direct feed and pre-concentration.   
?̅?𝑑𝑓(𝐺) = 𝑄𝑑𝑓(𝐺)𝑇𝑑𝑓(𝐺) Eqn.  3.45 
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?̅?𝑝𝑐(𝐺) = 𝑄𝑝𝑐(𝐺)𝑇𝑝𝑐(𝐺) Eqn.  3.46 
?̅?𝑐(𝐺) = 𝑄𝑑𝑓(𝐺) + 𝑄𝑝𝑐(𝐺) × 𝜌𝑐𝑇𝑑𝑓(𝐺) + 𝑇𝑝𝑐(𝐺) × 𝜇  Eqn.  3.47 Where:  
ḡdf(G) = The average grade of direct feed at the optimum cut-off grades for direct feed and pre-concentration (g/t Aue)  
ḡpc(G) = The average grade of material to pre-concentration at the optimum cut-off grades for direct feed and pre-concentration (g/t Aue) 
ḡc(G) = The average grade of direct feed and upgraded ore at the concentrator under the optimum cut-off grades for direct feed and pre-concentration (g/t Aue) 
3.4.4. Stockpiling 
The derivation of an optimal stockpiling strategy for the deferred treatment of intermediate 
grade ore requires the analysis of interrelated problems (Rendu 2008).  The first problem 
is to determine the minimum present value of material that may be economically stockpiled 
for processing at a later date.  The second is to determine how the future recovery of the 
material may change due to leaching and oxidation of the ore during the time it resides in 
the stockpile.  The third is to determine the time when the stockpiled material is withdrawn 
and the future net value of treating the material.  The fourth is to ensure that the value of 
the accumulated stockpile is maximised if capacity constraints exist for stockpiled material 
at the operation (Hall 1999).  Therefore, to establish the optimal cut-off grade to stockpile 
material during the active mining increment, the timing of stockpile withdrawals, the 
recovery of stockpiled material and estimates of future economic conditions must be 
known.   
The methodology estimates the minimum economic cut-off grade to stockpile material 
under the assumption that the material will reside in the stockpile until the remaining 
resources of the deposit are exhausted.  This provides a conservative estimate for the time 
allocated material will reside in the stockpile and establishes the likely timing of future 
rehandling and processing cash flows for the material.   
The recovery of stockpiled material is dependent on many variables including mineralogy, 
climate and residence time which impact the leaching and oxidation of stockpiled material.  
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The leaching of valuable minerals from the stockpile reduces the grade of the ore and the 
oxidation of the stockpile typically reduces the flotation recovery of sulphides and improves 
the leaching recovery of oxides (Lane 1988; Rendu 2008).  The recovery of stockpiled 
material is often determined by empirical measurement (Kelebek & Nanthakumar 2007), 
however,  the rate of leaching and oxidation of mineralised material is generally accepted 
to follow a first order kinetic equation (Brantley 2008; Kartha 2011).  The methodology 
assumes that any change in the recovery of stockpiled material will follow a similar first 
order equation that is dependent on a constant annual change to the recoverable product 
contained in the accumulated stockpile.   
The accumulated stockpile is treated as an additional mining increment that may be 
partially or completely allocated to the concentrator during the active mining increment or 
upon exhaustion of the deposit.  The methodology assumes that stockpiled material may 
not be treated through pre-concentration and the accumulated stockpile is homogeneous.  
Stockpile withdrawals at each mining increment and the maximum capacity of the 
accumulated stockpile are assessed upon the completion of the iteration for the cut-off 
grade policy of the deposit.  Withdrawals from the stockpile are subjected to a minimum 
withdrawal quantity to reflect the efforts required to relocate mining equipment to reclaim 
stockpiled ore.  Stockpile withdrawals will only be made when one of the following 
circumstances apply: 
1. The operation is constrained by the extraction of ore from the deposit and sufficient 
capacity exists in the available mining fleet and concentrator to rehandle and treat 
stockpiled ore (Hall 1999). 
2. The value of rehandling and treating the stockpiled ore is greater than the value of 
treating extracted ore at the current cut-off grade (Asad 2005; Lane 1988). 
3. The remaining resources in the deposit have been depleted (Asad 2005; Lane 
1988).    
The maximum quantity of material in the accumulated stockpile is assessed against the 
stockpile capacity limits once all stockpile withdrawals have been established.  If the limit 
has been exceeded, the cut-off grade to allocate material to the stockpile for the mining 
increments preceding the infraction are incrementally increased to remove the lowest 
value material from the accumulated stockpile.  The resultant change to the maximum 
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tonnage of the accumulated stockpile is simultaneously assessed and the process 
continues until the stockpiling capacity constraint is satisfied.  
Step 18: Calculate the Economic Cut-Off Grade for Stockpiling 
Calculate the economic cut-off grade for stockpiling intermediate grade ore based on the 
formula provided by Rendu (2008).  The formula includes provisions for any ongoing 
maintenance costs of the stockpiled material, which are calculated as the present value of 
an annuity, and any difference in mining costs to stockpile the material or send it to the 
waste dump.  The minimum cut-off grade for stockpiling material may also be influenced 
by the stockpiling capacity constraint examined in step 28.   
𝑔𝑠 = NPV[stockpile costs ($/t)] + NPV[rehandle & treatment costs ($/t)]NPV[revenue from sales ($/g Aue)]  Eqn.  3.48 
NPV[stockpile costs ($/t)] = 𝑚𝑠 − 𝑚𝑤 + 𝑓𝑠 × �1 − (1 + 𝛿)−𝜏𝑟𝑠𝛿 � Eqn.  3.49 
NPV[rehandle & treatment costs ($/t)] = �𝑐 + 𝑠 + 𝑓 + 𝐹
𝐶
� × (1 + 𝛿)−𝜏𝑟𝑠 Eqn.  3.50 
NPV[revenue from sales ($/g Aue)] = (𝑃 − 𝑟) × 𝜌𝑐 × 𝜌𝑠 × (1 + 𝛿)−𝜏𝑟𝑠 Eqn.  3.51 
𝜏𝑟𝑠 = 𝜏𝑓(𝑁) − 𝜏𝑓(𝑛∗) Eqn.  3.52 
𝜌𝑠 = (1 + 𝜙𝑠)𝜏𝑟𝑠   providing  𝜌𝑐 × 𝜌𝑠 < 1 Eqn.  3.53 
𝑔𝑠 = 𝑚𝑠 − 𝑚𝑤 + 𝑓𝑠 × �1 − (1 + 𝛿)−𝜏𝑟𝑠𝛿 � + �𝑐 + 𝑠 + 𝑓 + 𝐹𝐶 � × (1 + 𝛿)−𝜏𝑟𝑠(𝑃 − 𝑟) × 𝜌𝑐 × 𝜌𝑠 × (1 + 𝛿)−𝜏𝑟𝑠  Eqn.  3.54 Where:  gs = The economic cut-off grade for stockpiling intermediate grade ore (g/t Aue) ms = The present cost of mining and stockpiling one  tonne of material ($/t)  mw = The present cost of mining a tonne waste ($/t)  fs = The annual cost of maintaining a tonne of stockpiled material ($/t p.a.) 
δ = The discount rate (%) 
τrs = The estimated residence time of material allocated to a stockpile (years) s = The future cost of withdrawing a tonne of material from the stockpile and rehandling it to the concentrator ($/t) 
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ρs = The adjustment factor for the recovery of stockpiled ore at the treatment destination (%)  
Φs = The annual change in the recovery of stockpiled material (negative for a reduction) (% p.a.) 
τf(N) = The end time for the development of the last mining increment (years) 
τf(n*) = The end time for the active mining increment (years) 
Step 19: Determine Material Allocations to the Accumulated Stockpile    
Calculate the tonnage, product and average grade of material allocated to the stockpile at 
the optimum cut-off grades for direct feed and pre-concentration and the minimum 
economic cut-off grade for stockpiling.   
𝑇𝑠(𝐺) = � 𝑇(𝑘)𝑘=𝑀𝑖𝑛�𝑘𝐺𝑑𝑓−1,𝑘𝐺𝑝𝑐−1�
𝑘=𝑘𝑔𝑠
 Eqn.  3.55 
𝑄𝑠(𝐺) = � 𝑄(𝑘)𝑘=𝑀𝑖𝑛�𝑘𝐺𝑑𝑓−1,𝑘𝐺𝑝𝑐−1�
𝑘=𝑘𝑔𝑠
 Eqn.  3.56 
?̅?𝑠(𝐺) = 𝑄𝑠(𝐺)𝑇𝑠(𝐺)  Eqn.  3.57 Where:  Ts(G) = The tonnage of material allocated to the stockpile at the optimum cut-off grades for direct feed and pre-concentration (t) kgs = The cut-off grade interval for the minimum cut-off grade for stockpiling ore kGdf-1 = The cut-off grade interval one below the cut-off grade interval for the optimum cut-off grade for direct feed  kGpc-1 = The cut-off grade interval one below the cut-off grade interval for the optimum cut-off grade for pre-concentration  Qs(G) = The product contained in the material allocated to the stockpile at the optimum cut-off grades for direct feed and pre-concentration (g Aue) 
ḡs(G) = The average grade of material allocated to the stockpile at the optimum cut-off grades for direct feed and pre-concentration (g/t Aue) 
Step 20: Update the Accumulated Stockpile for Stockpile Allocations 
Calculate the tonnage, product and average grade of the accumulated stockpile. The 
accumulated stockpile is assumed to be homogeneous. 
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𝑇Σ𝑆(𝑛∗) = 𝐴𝑑𝑗 𝑇Σ𝑆(𝑛∗ − 1) + 𝑇𝑠(𝐺) Eqn.  3.58 
𝑄Σ𝑆(𝑛∗) = 𝐴𝑑𝑗 𝑄Σ𝑆(𝑛∗ − 1) + 𝑄𝑠(𝐺) Eqn.  3.59 
?̅?Σ𝑆(𝑛∗) = 𝑄Σ𝑆(𝑛∗)𝑇Σ𝑆(𝑛∗) Eqn.  3.60 Where:  TΣS(n*) = The total tonnage of the accumulated stockpile at the active mining increment (t) Adj TΣS(n*-1) = The adjusted tonnage of the accumulated stockpile incorporating stockpile withdrawals at from the previous mining increment (t) QΣS(n*) = The total product in the accumulated stockpile at the active mining increment (g Aue) Adj QΣS(n*-1) = The adjusted product in the accumulated stockpile incorporating stockpile withdrawals from the previous mining increment (g Aue) 
ḡΣS (n*) = The average grade of the accumulated stockpile at the active mining increment (g/t Aue) 
Step 21: Assess Stockpile Withdrawals from the Accumulated Stockpile 
If the tonnage of the accumulated stockpile is greater than zero, assess the feasibility of a 
stockpile withdrawal (Tsw) during the active mining increment.  Any stockpile withdrawal 
from the accumulated stockpile must be greater than the minimum rehandling quantity [Tsw(n*)>min(Tsw)] and cannot exceed the tonnage of the accumulated stockpile 
[Tsw(n*)≤TΣS(n*)].  A stockpile withdrawal will be feasible if: 
1. The operation is constrained by the extraction of ore from the deposit and sufficient 
capacity exists in the mine and concentrator to rehandle and treat the stockpiled ore. If 𝑇𝑐(𝐺) < 𝐶(𝑛∗) Eqn.  3.61 And 𝑀𝑅𝐻(𝑛∗) − 𝑅𝐻𝑝𝑐(𝐺) > 0 Eqn.  3.62 
And min�𝐶(𝑛∗) − 𝑇𝑐(𝐺), 𝑀𝑅𝐻(𝑛∗) −  𝑅𝐻𝑝𝑐(𝐺)� > min (𝑇𝑠𝑤) Eqn.  3.63 Then 𝑇𝑠𝑤(𝑛∗) = min�𝐶(𝑛∗) − 𝑇𝑐(𝐺), 𝑀𝑅𝐻(𝑛∗) −  𝑅𝐻𝑝𝑐(𝐺)� Eqn.  3.64 
Where the rehandling requirements of pre-concentration activities at the optimum cut-
off grades for direct feed and pre-concentration [RHpc(G)] takes one of three forms: 
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a. If the pre-concentration facilities are located at the mill and pre-concentrated waste is rehandled with the existing mining fleet, then: 
𝑅𝐻𝑝𝑐(𝐺) = 𝑇𝑝𝑐(𝐺) × (1 − 𝜇) Eqn.  3.65 b. If the pre-concentration facilities are located at the waste dump and upgraded ore is rehandled with the existing mining fleet, then: 
𝑅𝐻𝑝𝑐(𝐺) = 𝑇𝑝𝑐(𝐺) × 𝜇 Eqn.  3.66 c. If the pre-concentration facilities are located at the mine face or pre-concentrated material is not rehandled with the existing mining fleet, then: 
𝑅𝐻𝑝𝑐(𝐺) = 0 Eqn.  3.67 
2. The value of rehandling and treating the stockpiled ore is greater than the value of 
treating extracted ore at the current cut-off grade.  If pre-concentration is not included in the scenario examined or Gdf < Gpc, then the value of treating one tonne of stockpiled ore must be greater than the value of treating one tonne of extracted ore at the optimal cut-off grade for direct feed [vsw>vc(Gdf)]: 
If 𝑣𝑠𝑤 = (𝑃 − 𝑟). ?̅?Σ𝑆. 𝜌𝑐 . 𝜌Σ𝑆 − 𝑠 > 𝑣𝑐�𝐺𝑑𝑓� = (𝑃 − 𝑟). 𝐺𝑑𝑓 . 𝜌𝑐   Eqn.  3.68 
And � 𝑇(𝑘)𝑘=𝑘𝐴𝑑𝑗 𝐺𝑑𝑓
𝑘=𝑘𝐺𝑑𝑓
> min (𝑇𝑠𝑤) Eqn.  3.69 
Then 𝐴𝑑𝑗 𝐺𝑑𝑓 = (𝑃 − 𝑟). ?̅?Σ𝑆. 𝜌𝑐 . 𝜌Σ𝑆 − 𝑠 (𝑃 − 𝑟). 𝜌𝑐  Eqn.  3.70 
And 𝑇𝑠𝑤(𝑛∗) = � 𝑇(𝑘)𝑘=𝑘𝐴𝑑𝑗 𝐺𝑑𝑓
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.71 
If pre-concentration is included in the scenario examined and Gpc < Gdf, then the value of treating one tonne of stockpiled ore must be greater than the value of treating one tonne of upgraded ore generated from the pre-concentration of 1/μ tonnes of material at the optimal cut-off grade for pre-concentration [vsw>vc(Gpc)]: 
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If 𝑣𝑠𝑤 = (𝑃 − 𝑟). ?̅?Σ𝑆. 𝜌𝑐 . 𝜌Σ𝑆 − 𝑠 > 𝑣𝑐�𝐺𝑝𝑐� = �(𝑃 − 𝑟). 𝐺𝑝𝑐 . 𝜌𝑐 . 𝜌𝑝𝑐 − 𝑝𝑐�. 𝜇−1 Eqn.  3.72 
And � 𝑇(𝑘)𝑘=𝑘𝐴𝑑𝑗 𝐺𝑝𝑐
𝑘=𝑘𝐺𝑝𝑐
> min (𝑇𝑠𝑤) Eqn.  3.73 
Then 𝐴𝑑𝑗 𝐺𝑝𝑐 = (𝑃 − 𝑟). ?̅?Σ𝑆. 𝜌𝑐 . 𝜌Σ𝑆 − 𝑠 
�(𝑃 − 𝑟). 𝜌𝑐 . 𝜌𝑝𝑐 − 𝑝𝑐�. 𝜇−1 Eqn.  3.74 
And 𝑇𝑠𝑤(𝑛∗) = � 𝑇(𝑘)𝑘=𝑘𝐴𝑑𝑗 𝐺𝑝𝑐
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.75 
The adjustment factor for the recovery of stockpiled material (ρΣS) is determined by the 
annual change in the recovery of stockpiled material (Φs) and the tonnes weighted 
average residence time of material in the accumulated stockpile (𝜏̅RΣS). 
 𝜌Σ𝑆 = (1 + 𝜙𝑠)𝜏�𝑅Σ𝑆   providing  𝜌𝑐 × 𝜌Σ𝑆 < 1 Eqn.  3.76 
 ?̅?𝑅Σ𝑆 = ∑ �𝑇𝑠(𝐺) × [𝜏𝑓(𝑛∗) − 𝜏𝑓(𝑛)]�𝑛=𝑛∗𝑛=1 𝑇Σ𝑆(𝑛∗)  Eqn.  3.77 
3. The remaining resources in the deposit have been depleted (n*=N).    
𝑇𝑠𝑤(𝑁) = 𝑇Σ𝑆(𝑁) Eqn.  3.78 Where:  Tsw = The tonnage of a stockpile withdrawal (t) RHpc(G) = The tonnage of rehandling requirements from pre-concentration  activities at the optimum cut-off grades for direct feed and pre-concentration (t) min(Tsw) = The minimum tonnage that can be withdrawn from the accumulated stockpile (t) vc(Gdf) = The incremental rate of change in the present value of the deposit at the concentrator for a tonne of ore at the optimum cut-off grade for direct feed ($/t) vsw = The incremental rate of change in the present value of the deposit at the concentrator for a tonne of material withdrawn from the stockpile ($/t) 
ρΣS = The adjustment factor for the recovery of accumulated stockpile material at the treatment destination (%) kAdj Gdf = The cut-off grade interval for the adjusted optimum cut-off grade to direct feed incorporating stockpile withdrawals Adj Gdf = The adjusted optimum cut-off grade to direct feed incorporating the stockpile 
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withdrawals (g/t Aue) Tsw(n*) = The tonnage of a stockpile withdrawal at the active mining increment (t)  vc(Gpc) = The incremental rate of change in the present value of the deposit at the concentrator for a tonne of upgraded ore at the optimum cut-off grade for pre-concentration ($/t)  kAdj Gpc = The cut-off grade interval for the adjusted optimum cut-off grade to pre-concentration incorporating stockpile withdrawals Adj Gpc = The adjusted optimum cut-off grade to pre-concentration incorporating stockpile withdrawals (g/t Aue) 
?̅?RΣS = The tonnes weighted average time of material in the accumulated stockpile (years) 
τf(n*) = The end time of the active mining increment (years) 
τf(n) = The end time of a mining increment (years) TΣS(N) = The tonnage of the accumulated stockpile at the final mining increment (t) 
Step 22: Update the Accumulated Stockpile for Stockpile Withdrawals 
Calculate the adjusted tonnage (Adj TΣS) and product (Adj QΣS) of the accumulated 
stockpile after any stockpile withdrawals.  It is only necessary to adjust the grade of the 
accumulated stockpile for stockpile allocations under the assumption that the accumulated 
stockpile material is homogeneous.    
𝐴𝑑𝑗 𝑇𝛴𝑆(𝑛∗) = 𝑇𝛴𝑆(𝑛∗) − 𝑇𝑠𝑤(𝑛∗) Eqn.  3.79 
𝐴𝑑𝑗 𝑄𝛴𝑆(𝑛∗) = 𝑄𝛴𝑆(𝑛∗) − 𝑇𝑠𝑤(𝑛∗) × ?̅?Σ𝑆(𝑛∗) Eqn.  3.80 Where:  Adj TΣS(n*) = The adjusted tonnage of the accumulated stockpile after any stockpile withdrawals at the active mining increment (t) Adj QΣS(n*) = The adjusted quantity of product in the accumulated stockpile after any stockpile withdrawals at the active mining increment (g Aue) 
3.4.5. Total Material Movements and Time Requirements 
The optimum cut-off grades for direct feed and pre-concentration, the minimum economic 
cut-off grade for stockpiling and stockpile withdrawals have been determined for the active 
mining increment.  Total material movements and the time required to develop the active 
mining increment can now be established and analysis of the next mining increment can 
begin.  Once all mining increments have been analysed, stockpiling capacity constraints 
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can be assessed and the optimum cut-off grade and stockpiling policy can be finalised for 
the current iteration. 
Step 23: Update Material Movements to Direct Feed and Pre-Concentration 
If any adjustments were made to the optimum cut-off grades for direct feed (Adj Gdf) or pre-
concentration (Adj Gpc) in step 21 withdrawal option 2, then update the tonnage [Tdf(Adj Gdf) or Tpc(Adj Gpc)], product [Qdf(Adj Gdf) or Qpc(Adj Gpc)], and average grade [ḡdf(Adj Gdf) or 
ḡpc(Adj Gpc)] to these processes under the adjusted cut-off grade policy (Adj G).   If pre-concentration is not included in the scenario examined, then: 
𝑇𝑑𝑓(𝐴𝑑𝑗 𝐺) = � 𝑇(𝑘)𝐾
𝑘=𝑘𝐴𝑑𝑗 𝐺𝑑𝑓  Eqn.  3.81 
𝑄𝑑𝑓(𝐴𝑑𝑗 𝐺) = � 𝑄(𝑘)𝐾
𝑘=𝑘𝐴𝑑𝑗 𝐺𝑑𝑓  Eqn.  3.82 If the adjusted optimum cut-off grade to direct feed is less than the optimum cut-off grade to pre-concentration (Adj Gdf < Gpc), then: 
𝑇𝑑𝑓(𝐴𝑑𝑗 𝐺) = � 𝑇(𝑘)𝑘=𝑘𝐺𝑝𝑐−1
𝑘=𝑘𝐴𝑑𝑗 𝐺𝑑𝑓  Eqn.  3.83 
𝑄𝑑𝑓(𝐴𝑑𝑗 𝐺) = � 𝑄(𝑘)𝑘=𝑘𝐺𝑝𝑐−1
𝑘=𝑘𝐴𝑑𝑗 𝐺𝑑𝑓  Eqn.  3.84 If the optimum cut-off grade to direct feed is greater than the adjusted optimum cut-off grade to pre-concentration (Gdf > Adj Gpc), then: 
𝑇𝑝𝑐(𝐴𝑑𝑗 𝐺) = � 𝑇(𝑘)𝑘=𝑘𝐺𝑑𝑓−1
𝑘=𝑘𝐴𝑑𝑗 𝐺𝑝𝑐  Eqn.  3.85 
𝑄𝑝𝑐(𝐴𝑑𝑗 𝐺) = � 𝑄(𝑘)𝑘=𝑘𝐺𝑑𝑓−1
𝑘=𝑘𝐴𝑑𝑗 𝐺𝑝𝑐  Eqn.  3.86 
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For all instances: 
?̅?𝑑𝑓(𝐴𝑑𝑗 𝐺) = 𝑄𝑑𝑓(𝐴𝑑𝑗 𝐺)𝑇𝑑𝑓(𝐴𝑑𝑗 𝐺) Eqn.  3.87 
?̅?𝑝𝑐(𝐴𝑑𝑗 𝐺) = 𝑄𝑝𝑐(𝐴𝑑𝑗 𝐺)𝑇𝑝𝑐(𝐴𝑑𝑗 𝐺)  Eqn.  3.88 Where:  Tdf(Adj G) = The tonnage of direct feed to the concentrator under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (t) Tpc(Adj G) = The tonnage of material sent to pre-concentration under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (t) Qdf(Adj G) = The product in direct feed to the concentrator under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (g Aue) Qpc(Adj G) = The product in material sent to pre-concentration under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (g Aue) 
ḡdf(Adj G) = The average grade of direct feed to the concentrator under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (g/t Aue) 
ḡpc(Adj G) = The average grade of material sent to pre-concentration under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (g/t Aue) Adj G = The adjusted optimal cut-off grade policy for direct feed and pre-concentration incorporating the stockpile withdrawals for the active mining increment 
Step 24: Update Total Material Movements to the Concentrator 
Calculate the adjusted tonnage (Adj Tc), product (Adj Qc) and average grade (Adj ḡc) for 
total ore sent to the concentrator at the active mining increment to include any stockpile 
withdrawals.  If adjustments were made to the optimal cut-off grade policy in step 21 stock 
withdrawal option 2, then the values from the adjusted optimal cut-off grade policy (adj G) 
in step 23 supersede the values from the optimal cut-off grade policy (G).   
𝐴𝑑𝑗 𝑇𝑐(𝑛∗) = 𝑇𝑐(𝐺 𝑜𝑟 𝐴𝑑𝑗 𝐺) + 𝑇𝑠𝑤(𝑛∗) Eqn.  3.89 
𝐴𝑑𝑗 𝑄𝑐(𝑛∗) = 𝑄𝑐(𝐺 𝑜𝑟 𝐴𝑑𝑗 𝐺) + 𝑇𝑠𝑤(𝑛∗) × ?̅?Σ𝑆(𝑛∗) × 𝜌Σ𝑆(𝑛∗) Eqn.  3.90 
Chapter 3: Methodology Michael Scott 
 
78 
𝐴𝑑𝑗 ?̅?𝑐(𝑛∗) = 𝐴𝑑𝑗 𝑄𝑐(𝑛∗)𝐴𝑑𝑗 𝑇𝑐(𝑛∗) Eqn.  3.91 Where:  Adj Tc(n*) = The total tonnage of direct feed, upgraded ore and stockpiled ore sent to the concentrator during the active mining increment (t) Adj Qc(n*) = The total quantity of product in direct feed, upgraded ore and recoverable product in stockpiled ore sent to the concentrator during the active mining increment (g Aue) 
ρΣS (n*) = The adjustment factor for the recovery of stockpiled ore at the treatment destination during the active mining increment (%)  Adj ḡc(n*) = The adjusted average grade of direct feed, upgraded ore and stockpiled ore sent to the concentrator during the active mining increment (g/t Aue) 
Step 25: Calculate the Time Required for the Development of the Mining Increment 
Calculate the time required for the development of the active mining increment from the 
maximum time required to extract, treat and refine the material allocations from the 
optimum cut-off grade policy (Lane 1988).  The mining component of production may be 
limited by the rate of extraction of the deposit or the rehandling requirements of pre-
concentration and/or withdrawals from the stockpile.  The time required by the mining 
component takes three forms depending on the rehandling requirements of pre-
concentration facilities.   If the pre-concentration facilities are located at the mill and pre-concentrated waste is rehandled with the existing mining fleet, then: 
𝜏𝑀(𝑛∗) = Max �𝑇(𝑛∗) + 𝑇𝑝𝑐(𝐺 𝑜𝑟 𝐴𝑑𝑗 𝐺) × (1 − 𝜇) + 𝑇𝑠𝑤(𝑛∗)𝑀𝐸𝑥𝑡(𝑛∗) + 𝑀𝑅𝐻(𝑛∗)  𝑜𝑟 𝑇(𝑛∗)𝑀𝐸𝑥𝑡(𝑛∗)� Eqn.  3.92 If the pre-concentration facilities are located at the waste dump and upgraded ore is rehandled with the existing mining fleet, then:  
𝜏𝑀(𝑛∗) = Max �𝑇(𝑛∗) + 𝑇𝑝𝑐(𝐺 𝑜𝑟 𝐴𝑑𝑗 𝐺) × 𝜇 + 𝑇𝑠𝑤(𝑛∗)𝑀𝐸𝑥𝑡(𝑛∗) + 𝑀𝑅𝐻(𝑛∗)  𝑜𝑟 𝑇(𝑛∗)𝑀𝐸𝑥𝑡(𝑛∗)� Eqn.  3.93 
If the pre-concentration facilities are located at the mine face or pre-concentrated material is not rehandled with the existing mining fleet, then: 
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𝜏𝑀(𝑛∗) = Max � 𝑇(𝑛∗) + 𝑇𝑠𝑤(𝑛∗)𝑀𝐸𝑥𝑡(𝑛∗) + 𝑀𝑅𝐻(𝑛∗)  𝑜𝑟 𝑇(𝑛∗)𝑀𝐸𝑥𝑡(𝑛∗)� Eqn.  3.94 For all instances: 
𝜏𝐶(𝑛∗) =  𝐴𝑑𝑗 𝑇𝑐(𝑛∗)𝐶(𝑛∗)  Eqn.  3.95 
𝜏𝑃𝐶(𝑛∗) =  𝑇𝑝𝑐(𝐺 𝑜𝑟 𝐴𝑑𝑗 𝐺)𝑃𝐶(𝑛∗)  Eqn.  3.96 
𝜏𝑅(𝑛∗) =  𝐴𝑑𝑗 𝑄𝑐(𝑛∗) × 𝜌𝑐𝑅(𝑛∗)  Eqn.  3.97 
𝜏(𝑛∗) =  Max{𝜏𝑀(𝑛∗), 𝜏𝐶(𝑛∗), 𝜏𝑃𝐶(𝑛∗), 𝜏𝑅(𝑛∗)}  Eqn.  3.98 Where:  
τM(n*) = The time required by the mining component to extract and rehandle material during the active mining increment (years) 
τC(n*) = The time required by the concentration component to treat direct feed, upgraded ore and stockpiled ore during the active mining increment (years) 
τPC(n*) = The time required by the pre-concentration component to treat and rehandle material sent to pre-concentration during the active mining increment (years) 
τR(n*) = The time required by the refining component to refine and market the recovered product during the active mining increment (years) 
τ(n*) = The total time required to extract, treat and refine the material movements during the active mining increment (years) 
Step 26: Determine the End Time and End Year of the Mining Increment   
Calculate the end time for the active mining increment.  The end year is simply the end 
time rounded down to the closest year.  The operation begins at year zero (step 3).   
𝜏𝑓(𝑛∗) = 𝜏𝑖(𝑛∗) + 𝜏(𝑛∗) Eqn.  3.99 Where:  
τf(n*) = The end time of the active mining increment (years) 
Step 27: Remaining Mining Increments 
If the active mining increment is not equal to the final mining increment (n*≠N) then go to 
step 3 and select the next available mining increment.  Otherwise go to step 28. 
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Step 28: Assess the Capacity of the Accumulated Stockpile 
The maximum tonnage of the accumulated stockpile is assessed against the capacity 
constraints for stockpiling intermediate grade ore.  If the constraint has been violated, the 
cut-off grade to allocate material to the stockpile is incrementally increased to remove the 
lowest value material from the accumulated stockpile.  The resultant change to the 
maximum tonnage of the accumulated stockpile is simultaneously assessed and the 
process continues until the stockpiling capacity constraint is satisfied.  The following steps 
are involved: 
1. Calculate the present value of stockpiling ore at the cut-off grade (step 18) applied to 
each mining increment occurring before the infraction for the maximum stockpile 
capacity.  The calculations assume that ore will reside in the accumulated stockpile 
until the remaining resources of the deposit are exhausted and opportunity costs 
represent the delay of receipt for the salvage value of the operation.   
𝑣𝑠(𝑔𝑠) = (𝑃 − 𝑟). 𝑔𝑠. 𝜌𝑐. 𝜌𝑠. (1 + 𝛿)−𝜏𝑟𝑠 − 𝑚𝑠 − 𝑓𝑠. �1 − (1 + 𝛿)−𝜏𝑟𝑠𝛿 � − �𝑐 + 𝑠 + 𝑓 + 𝐹𝐶 � . (1 + 𝛿)−𝜏𝑟𝑠  Eqn.  3.100 
2. From 1, find the cut-off grade corresponding to the minimum present value of 
stockpiling ore for the mining increments examined and increase this cut-off grade by 
the minimum resolution of the cut-off grade analysis (cogres).   
𝑔𝑠 ∈ min{𝑣𝑠(𝑔𝑠)} = 𝑔𝑠 + 𝑐𝑜𝑔𝑟𝑒𝑠  Eqn.  3.101 
3. Update the material movements of the accumulated stockpile (steps 19 to 22) and 
reassess the maximum tonnage of the accumulated stockpile.  If the updated maximum 
tonnage of the accumulated stockpile is less than the capacity constraint for stockpiling 
ore at the operation, finalise the cut-off grade and stockpiling policy for the operation 
and update stockpile withdrawals (steps 23 and 24).  Otherwise, repeat 1 and 2 above.    
Where:  vs(gs) = The present value of stockpiling one tonne of intermediate grade ore at the cut-off grade for stockpiling ($/t) 
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3.4.6. Time Dependent and Material Dependent Variables 
Before the cash flows and the present value of the deposit can be determined, the average 
variable costs of operational components at each mining increment must be updated to 
reflect any changes that the optimum cut-off grade and stockpiling policy may have on: 
1. Time dependent variables: the economic conditions associated with the timing of 
mining increments. 
2. Material dependent variables: the treatment costs associated with the physical and 
chemical characteristics of material allocated to operational processes.   
The energy requirements and associated emissions for the development of each mining 
increment of the deposit represent material dependent production variables.  The material 
dependent energy requirements and related emissions must be combined with the time 
dependent energy and emission costs to determine the variable costs associated with the 
energy requirements of each operational component during each mining increment.  
Therefore, the variable costs of all operational components have been separated into time 
dependent base costs of production and material dependent energy and emission 
requirements of production.   
As the iterations of the model approach convergence, the difference between the current 
and previous time requirements and time dependent and material dependent variables 
become negligible.   
Step 29: Time Dependent Economic Variables 
Using the start and end time for each mining increment, determine the weighted average 
sale price, weighted average variable costs and weighted average fixed costs for the 
duration of the mining increment. The weighted average variable calculations assume a 
uniform distribution of the time dependent variable over each year. For a partial year (yi = yf): 
𝑧 = {(𝜏𝑖 − 𝑦𝑖) × [𝑧(𝑦𝑖 + 1) − 𝑧(𝑦𝑖)] + 𝑧(𝑦𝑖)} + �(𝜏𝑓 − 𝑦𝑓) × �𝑧�𝑦𝑓 + 1� − 𝑧�𝑦𝑓�� + 𝑧�𝑦𝑓��2  Eqn.  3.102 
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For an overlapping year (yi+1 = yf): 
𝑧 = 𝑧𝑖 + 𝑧𝑓(𝜏𝑓 − 𝜏𝑖) Eqn.  3.103 
𝑧𝑖 = {(𝜏𝑖 − 𝑦𝑖) × [𝑧(𝑦𝑖 + 1) − 𝑧(𝑦𝑖)] + 𝑧(𝑦𝑖)} + 𝑧(𝑦𝑖 + 1)2 × [(𝑦𝑖 + 1) − 𝜏𝑖] Eqn.  3.104 
𝑧𝑓 = �(𝜏𝑓 − 𝑦𝑓) × �𝑧�𝑦𝑓 + 1� − 𝑧�𝑦𝑓�� + 𝑧�𝑦𝑓�� + 𝑧�𝑦𝑓�2 × (𝜏𝑓 − 𝑦𝑓) Eqn.  3.105 For multiple overlapping years (yi ≠ yf and yi+1 ≠ yf): 
𝑧 = 𝑧𝑖 + ∑ 𝑧(𝑦) + 𝑧(𝑦 + 1)2𝑦=𝑦𝑓−1𝑦=𝑦𝑖+1 + 𝑧𝑓(𝜏𝑓 − 𝜏𝑖)  Eqn.  3.106 Where: z = The weighted average value of the economic variable examined [P ($/g Aue), mbase ($/t), cbase ($/t), rbase ($/g Aue), pcbase ($/t), sbase ($/t), f ($ p.a.), d ($/L), l ($/kWh), ε ($/kg), ng ($/GJ), and e ($/t CO2e)] for the duration of the selected mining increment z(yi) = The value of the economic variable examined at the start year of the selected mining increment z(yi+1) = The value of the economic variable examined one year after the start year of the selected mining increment z(yf+1) = The value of the economic variable examined one year after the end year of the selected mining increment z(yf) = The value of the economic variable examined at the end year of the selected mining increment z(y) = The value of the economic variable examined at year y  z(y+1) = The value of the economic variable examined one year after year y 
Step 30: Variable Unit Costs of Operational Processes  
The material and time dependent energy and emission costs for each operational 
component are determined by the quantity of energy inputs required, associated emissions 
and the cost of the energy input and emissions.  The total energy and emission costs are 
distributed over the quantity of material associated with the operational component and 
added to the non-energy, variable unit base cost for the process.  The generic equations 
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for the calculation of variable unit costs and the quantity of scope 1 and scope 2 carbon 
dioxide equivalent emissions4 for each operational component are below. 
𝑢 = 𝑢𝑏𝑎𝑠𝑒 + [𝑞𝑑(𝑢) × 𝑑] + [𝑞𝑙(𝑢) × 𝑙] + [𝑞𝜀(𝑢) × 𝜀] + �𝑞𝑛𝑔(𝑢) × 𝑛𝑔� + [𝑞𝑒1(𝑢) × 𝑒]𝑞𝛽  Eqn.  3.107 
𝑞𝑒1(𝑢) = [𝑞𝑑(𝑢) × 𝑒𝑑] + [𝑞𝜀(𝑢) × 𝑒𝜀] + �𝑞𝑛𝑔(𝑢) × 𝑒𝑛𝑔� Eqn.  3.108 
𝑞𝑒2(𝑢) = [𝑞𝑙(𝑢) × 𝑒𝑙] Eqn.  3.109 Where: u = The variable unit cost for a selected operational component [m ($/t), c ($/t), r ($/g Aue), pc ($/t), s ($/t)] ubase = The non-energy, variable unit base cost of the selected operational component [mbase ($/t), cbase ($/t), rbase ($/g Aue), pcbase ($/t), sbase ($/t)] qd(u) = The quantity of diesel consumed by the selected operational component for a particular mining increment (L) ql(u) = The quantity of electricity consumed by the selected operational component for a particular mining increment (kWh) qx(u) = The quantity of explosives consumed by the selected operational component for a particular mining increment (kg) qng(u) = The quantity of natural gas consumed by the selected operational component for a particular mining increment (GJ) qe1(u) = The quantity of scope 1 carbon dioxide equivalent emissions directly generated by the selected operational component for a particular mining increment (t CO2e) qe2(u) = The quantity of scope 2 carbon dioxide equivalent emissions produced from the generation of electricity consumed by the selected operational component for a particular mining increment (t CO2e) d = The average price of diesel during the selected mining increment ($/L) l = The average price of electricity during the selected mining increment ($/kWh) 
ε = The average price of explosive during the selected mining increment ($/kg) ng = The average price of natural gas during the selected mining increment ($/GJ) e = The average price of scope 1 carbon dioxide equivalent emissions during the selected mining increment ($/t CO2e) 
                                            
4 Scope 1 carbon dioxide equivalent emissions refer to greenhouse gases that are directly released into the 
atmosphere as a result of activities of the facility. Scope 2 carbon dioxide equivalent emissions refer to 
greenhouse gases that are directly released into the atmosphere as a result of activities that generate 
electricity, heating, cooling or steam which are used by the facility but do not form part of the facility. 
(National Greenhouse and Energy Reporting Regulations  2008) 
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ed = The carbon dioxide equivalent emissions generated per litre of diesel consumed (CO2e t/L) el = The carbon dioxide equivalent emissions generated per kilowatt hour of electricity consumed (CO2e t/kWh) eε = The carbon dioxide equivalent emissions generated per kilogram of explosive detonated (CO2e t/kg) eng = The carbon dioxide equivalent emissions generated per gigajoule of natural gas consumed (CO2e t/GJ) 
Step 31: Mining Energy 
The energy requirements for the mining component of the operation are calculated below.  
The energy required to mine an increment of the resource is dependent on its physical 
location and the quantity of ore and waste it contains.   
𝑞𝑑(𝑚) = �𝑇(𝑛∗) − �𝑇𝑑𝑓(𝐺) + 𝑇𝑝𝑐(𝐺) + 𝑇𝑠(𝐺)��. 𝑑𝑤 + �𝑇𝑑𝑓(𝐺)+𝑇𝑝𝑐(𝐺) + 𝑇𝑠(𝐺)�. 𝑑𝑜 Eqn.  3.110 
𝑞𝜀(𝑚) = �𝑇(𝑛∗) − �𝑇𝑑𝑓(𝐺) + 𝑇𝑝𝑐(𝐺) + 𝑇𝑠(𝐺)��. 𝜀𝑤 + �𝑇𝑑𝑓(𝐺)+𝑇𝑝𝑐(𝐺) + 𝑇𝑠(𝐺)�. 𝜀𝑜 Eqn.  3.111 
𝑞𝑙(𝑚) = 𝑙𝑚 × 𝑇(𝑛∗) Eqn.  3.112 Where: qd(m) = The quantity of diesel required to mine the selected mining increment (L) dw = The quantity of diesel required to mine one tonne of waste at the selected mining increment (L/t) do = The quantity of diesel required to mine one tonne of ore at the selected mining increment (L/t) qε(m) = The quantity of explosive required to mine the selected mining increment (kg) 
εw = The quantity of explosive required to mine one tonne of waste at the selected mining increment (kg/t) 
εo = The quantity of explosive required to mine one tonne of ore at the selected mining increment (kg/t) ql(m) = The quantity of electricity required to mine the selected mining increment (kWh) lm = The quantity of electricity required to mine one tonne of rock at the selected mining increment (kWh/t) 
Step 32: Pre-Concentration Energy 
The energy requirements for pre-concentration activities are dependent upon the location 
of the pre-concentration facilities.  The pre-concentration activities will generate waste and 
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ore material streams, one of which will have to be rehandled if pre-concentration occurs at 
either the waste dump or the mill.    If the pre-concentration facilities are located at the mill and pre-concentrated waste is rehandled with the existing mining fleet, then:  
𝑞𝑑(𝑝𝑐) = 𝑇𝑝𝑐(𝐺) × (1 − 𝜇) × 𝑑𝑝𝑐  Eqn.  3.113 If the pre-concentration facilities are located at the waste dump and upgraded ore is rehandled with the existing mining fleet, then:  
𝑞𝑑(𝑝𝑐) = 𝑇𝑝𝑐(𝐺) × 𝜇 × 𝑑𝑝𝑐 Eqn.  3.114 
If the pre-concentration facilities are located at the mine face or pre-concentrated material is not rehandled with the existing mining fleet, then: 
𝑞𝑑(𝑝𝑐) = 0 Eqn.  3.115 For all instances: 
𝑞𝑙(𝑝𝑐) = 𝑇𝑝𝑐(𝐺) × 𝑙𝑝𝑐 Eqn.  3.116 
𝑞𝜀(𝑝𝑐) = 𝑇𝑝𝑐(𝐺) × 𝜀𝑝𝑐  Eqn.  3.117 Where: qd(pc) = The quantity of diesel required to rehandle pre-concentrated material at the selected mining increment (L) dpc = The quantity of diesel required to rehandle the pre-concentrated material from the allocation of one tonne of material to pre-concentration at the selected mining increment (L/t) ql(pc) = The quantity of electricity required to pre-concentrate allocated material at the selected mining increment (kWh) lpc = The quantity of electricity required to pre-concentrate one tonne of allocated material at the selected mining increment (kWh/t) qε(pc) = The additional quantity of explosive required to blast the allocated material to pre-concentration during the selected mining increment (kg) 
εpc = The quantity of additional explosive required to blast one tonne of allocated material to pre-concentration during the selected mining increment (kg/t) 
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Step 33: Stockpile Withdrawal Energy 
The energy requirements for the withdrawal of stockpiled ore are calculated below.  
𝑞𝑑(𝑠𝑤) = 𝑇𝑠𝑤(𝑛∗) × 𝑑𝑠𝑤  Eqn.  3.118 
𝑞𝑙(𝑠𝑤) = 𝑇𝑠𝑤(𝑛∗) × 𝑙𝑠𝑤 Eqn.  3.119 Where: qd(sw) = The quantity of diesel required to withdraw ore from the accumulated stockpile at the selected mining increment (L) dsw = The quantity of diesel required to withdraw one tonne of ore from the accumulated stockpile at the selected mining increment (L/t) ql(sw) = The quantity of electricity required to withdraw ore from the accumulated stockpile during the selected mining increment (kWh) lsw = The quantity of electricity required to withdraw one tonne of ore from the accumulated stockpile during the selected mining increment (kWh/t) 
Step 34: Concentrator Energy 
The energy requirements for the concentrator are calculated below.  
𝑞𝑙(𝑐) = 𝐴𝑑𝑗 𝑇𝑐(𝑛∗) × 𝑙𝑐  Eqn.  3.120 Where: ql(c) = The quantity of electricity required to concentrate the ore processed during the selected mining increment (kWh) lc = The quantity of electricity required to concentrate one tonne of ore during the selected mining increment (kWh/t ore) 
Step 35: Refining Energy 
The energy required to refine the recoverable product contained in ore processed during 
the selected mining increment is dependent on how the product was recovered during 
treatment and the quality of the concentrate produced.   
The model has been configured for the evaluation of a low-grade copper-gold deposit 
incorporating the recovery of two distinct products at site, a copper-gold concentrate and 
gravity recovered doré bullion.  A portion of the gold is recovered by gravity separation, 
smelted to doré bullion on site and sold to a precious metal refinery for purification.  The 
remainder of the recoverable gold and all recoverable copper reports to the flotation 
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concentrate and is sold to a copper smelter for refining.  The quality of the copper-gold 
concentrate was assumed to have a constant copper content of 26% and a variable gold 
content.   
The energy requirement for refining the recovered product during the selected mining 
increment requires the determination of the quantity of gold and copper recovered.  The 
quantity of gold recovered is used to determine the proportion of gravity recovered gold 
and the quantity of copper recovered is used to define the quantity of concentrate.  These 
quantities and the associated energy requirements for gravity recovered gold and copper-
gold concentrate are then used to establish the energy requirements for refining the 
selected mining increment.    
𝑄𝐴𝑢(𝑛∗) = �𝑄𝑑𝑓;𝐴𝑢(𝑛∗) + 𝑄𝑝𝑐;𝐴𝑢(𝑛∗). 𝜌𝑝𝑐;𝐴𝑢(𝑛∗) + 𝑄𝑠𝑤;𝐴𝑢(𝑛∗). 𝜌Σ𝑆;𝐴𝑢(𝑛∗)�. 𝜌𝑐;𝐴𝑢31.1035𝑔/𝑜𝑧  Eqn.  3.121 
𝑄𝐶𝑢(𝑛∗) = �𝑄𝑑𝑓;𝐶𝑢(𝑛∗) + 𝑄𝑝𝑐;𝐶𝑢(𝑛∗). 𝜌𝑝𝑐;𝐶𝑢(𝑛∗) + Σ𝑄𝑠𝑤;𝐶𝑢(𝑛∗). 𝜌Σ𝑆;𝐶𝑢(𝑛∗)�. 𝜌𝑐;𝐶𝑢 Eqn.  3.122 
𝑄𝑔;𝐴𝑢(𝑛∗) = 𝑄𝐴𝑢(𝑛∗). 𝜌𝑔;𝐴𝑢 Eqn.  3.123 
𝑄𝐶𝑜𝑛(𝑛∗) = 𝑄𝐶𝑢(𝑛∗)0.26  Eqn.  3.124 
𝑞𝑛𝑔(𝑟) = 𝑄𝑔;𝐴𝑢(𝑛∗) × 𝑛𝑔𝑔;𝐴𝑢 + 𝑄𝐶𝑜𝑛(𝑛∗) × 𝑛𝑔𝑐𝑜𝑛 Eqn.  3.125 
𝑞𝑙(𝑟) = 𝑄𝑔;𝐴𝑢(𝑛∗) × 𝑙𝑔;𝐴𝑢 + 𝑄𝐶𝑜𝑛(𝑛∗) × 𝑙𝑐𝑜𝑛 Eqn.  3.126 If pre-concentration is not included in the scenario examined, then: 
𝑄𝑑𝑓;𝐴𝑢(𝑛∗) = � 𝑄𝐴𝑢(𝑘)𝑘=𝐾
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.127 
𝑄𝑑𝑓;𝐶𝑢(𝑛∗) = � 𝑄𝐶𝑢(𝑘)𝑘=𝐾
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.128 
If the optimum cut-off grade to direct feed is less than the optimum cut-off grade to pre-concentration (Gdf < Gpc), then: 
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𝑄𝑑𝑓;𝐴𝑢(𝑛∗) = � 𝑄𝐴𝑢(𝑘)𝑘=𝑘𝐺𝑝𝑐−1
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.129 
𝑄𝑑𝑓;𝐶𝑢(𝑛∗) = � 𝑄𝐶𝑢(𝑘)𝑘=𝑘𝐺𝑝𝑐−1
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.130 
𝑄𝑝𝑐;𝐴𝑢(𝑛∗) = � 𝑄𝐴𝑢(𝑘)𝑘=𝐾
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.131 
𝑄𝑝𝑐;𝐶𝑢(𝑛∗) = � 𝑄𝐶𝑢(𝑘)𝑘=𝐾
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.132 
If the optimum cut-off grade to direct feed is greater than the optimum cut-off grade to pre-concentration (Gdf > Gpc): 
𝑄𝑑𝑓;𝐴𝑢(𝑛∗) = � 𝑄𝐴𝑢(𝑘)𝑘=𝐾
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.133 
𝑄𝑑𝑓;𝐶𝑢(𝑛∗) = � 𝑄𝐶𝑢(𝑘)𝑘=𝐾
𝑘=𝑘𝐺𝑑𝑓
 Eqn.  3.134 
𝑄𝑝𝑐;𝐴𝑢(𝑛∗) = � 𝑄𝐴𝑢(𝑘)𝑘=𝑘𝐺𝑑𝑓−1
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.135 
𝑄𝑝𝑐;𝐶𝑢(𝑛∗) = � 𝑄𝐶𝑢(𝑘)𝑘=𝑘𝐺𝑑𝑓−1
𝑘=𝑘𝐺𝑝𝑐
 Eqn.  3.136 
For all instances: 
𝑄𝑠𝑤;𝐴𝑢(𝑛∗) = 𝑇𝑠𝑤(𝑛∗) × ?̅?Σ𝑆;𝐴𝑢(𝑛∗) Eqn.  3.137 
𝑄𝑠𝑤;𝐶𝑢(𝑛∗) = 𝑇𝑠𝑤(𝑛∗) × ?̅?Σ𝑆;𝐶𝑢(𝑛∗) Eqn.  3.138   
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Where: QAu(n*) = The total quantity of recovered gold at the selected mining increment (oz Au) Qdf;Au(n*) = The quantity of gold in direct feed at the selected mining increment (g Au) Qpc;Au(n*) = The quantity of gold in material allocated to pre-concentration at the selected mining increment (g Au) 
ρpc;Au = The fraction of the total gold recovered in upgraded ore during pre-concentration at the selected mining increment (%) Qsw;Au(n*) = The quantity of gold in ore withdrawn from the stockpile at the selected mining increment (g Au) 
ρΣS;Au = The adjustment factor for the recovery of gold from the accumulated stockpile at the selected mining increment (%) 
ρc;Au = The recovery of gold at the concentrator (%) QCu(n*) = The total quantity of recovered copper at the selected mining increment (t Cu) Qdf;Cu(n*) = The quantity of copper in direct feed at the selected mining increment (t Cu) Qpc;Cu(n*) = The quantity of copper in material allocated to pre-concentration at the selected mining increment (t Cu) 
ρpc;Cu = The fraction of the total copper recovered in upgraded ore during pre-concentration at the selected mining increment (%) Qsw;Cu(n*) = The quantity of copper in ore withdrawn from the stockpile at the selected mining increment (t Cu) 
ρΣS;Cu = The adjustment factor for the recovery of copper from the accumulated stockpile at the selected mining increment (%) 
ρc;Cu = The recovery of copper at the concentrator (%) Qg;Au(n*) = The total quantity of gravity recovered gold at the selected mining increment (oz Au) 
ρg;Au = The fraction of recovered gold retrieved by gravity separation expressed as a percentage of total recovered gold (%) Qcon(n*) = The total quantity of copper-gold concentrate produced at the selected mining increment (t) qng(r) = The total quantity of natural gas required to refine the recovered product at the selected mining increment (GJ) ngg;Au = The quantity of natural gas required to refine an ounce of gravity recovered gold during selected mining increment (GJ/oz Au) ngcon = The quantity of natural gas required to refine a tonne of the copper-gold concentrate recovered during the selected mining increment (GJ/t) ql(r) = The total quantity of electricity required to refine the recovered product at the selected mining increment (kWh) lg;Au = The quantity of electricity required to refine an ounce of gravity recovered gold during selected mining increment (kWh/oz Au) lcon = The quantity of electricity required to refine a tonne of the copper-gold concentrate recovered during the selected mining increment (kWh/oz Au) 
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ḡΣs;Au(n*) = The average gold grade of the accumulated stockpile at the selected mining increment (g/t Au) 
ḡΣs;Cu(n*) = The average copper grade of the accumulated stockpile at the selected mining increment (% Cu) 
3.4.7. Cash Flows, Present Value and Opportunity Costs of Production 
The optimum cut-off grade and stockpiling policy at the current iteration has been finalised 
and the time and material dependent economic variables have been determined.  The 
present value of the deposit (V) and the opportunity costs of production (F) can now be 
determined and convergence of the current iteration can be assessed. 
Step 36: Cash Flow from Mining Increments 
Calculate the cash flow for each mining increment using the average sale price, average 
variable unit costs of operational components and the material movements for each mining 
increment. Cash flows are calculated using a modified version of Lane’s (1988) equation to 
include pre-concentration.  The model does not include the effects of royalty and taxation 
payments which impact the timing and size of cash flows experienced by the operation.   
𝐶𝐹(𝑛∗) = (𝑃 − 𝑟). 𝐴𝑑𝑗 𝑄𝑐(𝑛∗). 𝜌𝑐 − 𝑐. 𝐴𝑑𝑗 𝑇𝑐(𝐺) − 𝑝𝑐. 𝑇𝑝𝑐(𝐺) − 𝑠. 𝑇𝑠𝑤(𝑛∗) − 𝑚. 𝑇(𝑛∗) − 𝑓. 𝜏 Eqn.  3.139 Where:  CF(n*) = The cash flow generated from the production of the selected mining increment ($) 
Step 37: Present Value of the Deposit 
Calculate the present value of remaining resources in the deposit (V) at the beginning of 
each mining increment.  The cash flows for each mining increment are assumed to occur 
uniformly throughout each mining increment and are discounted accordingly using the 
equation of King (2001).  The present value of the deposit must incorporate the salvage 
value of the operation.  
𝑉(𝑛∗) = 𝑆𝑉(1 + 𝛿)𝜏𝑓(𝑁) + � �𝐶𝐹(𝑛) × [(1 + 𝛿)−𝜏𝑖(𝑛) − (1 + 𝛿)−𝜏𝑓(𝑛)][𝜏𝑓(𝑛) − 𝜏𝑖(𝑛)] × ln( 1 + 𝛿) �𝑁𝑛=𝑛∗  Eqn.  3.140   
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Where: V(n*) = The present value of reaming resources in the deposit at the selected mining increment ($) SV = The salvage value of the operation upon exhaustion of the resource ($) 
τf(N) = The end time of the final mining increment including the depletion of the stockpile (years) CF(n) = The cash flow generated from production of a mining increment ($) 
Step 38: Opportunity Costs of Production 
Calculate the opportunity costs of production (F) at the beginning of each mining 
increment.  The opportunity costs of production are dependent on the present value of 
remaining resources in the deposit (V) and the rate of change in the present value of the 
remaining resource with time (dV/dT) (Lane 1988).   
𝐹(𝑛∗) = 𝛿 × 𝑉(𝑛∗) − 𝑑𝑉
𝑑𝑇
= 𝛿 × 𝑉(𝑛∗) − [𝑉(𝜏𝑖) − 𝑉�𝜏𝑓�] Eqn.  3.141 
Where: F(n*) = The opportunity costs of production at the selected mining increment ($) dV/dT = The rate of change in the present value of the remaining resources of the deposit with respect to time ($) V(τi) = The present value of remaining resources at the start of the selected mining increment ($) V(τf) = The present value of remaining resources at the start of the selected mining increment if production of these resources were delayed until the end time of the selected mining increment ($) 
Step 39: Check Convergence of Results  
If this is the first complete iteration (I*=1), go to step 3 and select the first mining 
increment (n*=1) and start the next iteration.  If this is not the first iteration (I*≠1), check if 
the present value of the deposit (V) is within the tolerance range for convergence with the 
previously determined present value of the deposit [V(I*-1)].  If the present value of the 
deposit is within the tolerance range then go to step 40.  Otherwise, go to step 3 and 
select the first mining increment (n*=1) and start the next iteration. 
𝑉(𝐼∗ − 1) − 𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 < 𝑉(𝐼∗) < 𝑉(𝐼∗ − 1) + 𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 Eqn.  3.142 
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Where:  V(I*) = The present value of the deposit at the active iteration V(I*-1) = The present value of the deposit at the previous iteration Tolerance = The tolerance for convergence of the iterations  
3.4.8. Finalise the Results 
The optimum cut-off grade and stockpiling policy for the deposit has been determined with 
convergence of the model and the results can be finalised.  The net present value of the 
project can be calculated from the present value of the deposit and the initial capital 
investment required for the development of the deposit.  The energy consumption and 
emission profiles of the operational components, mining increments and the total deposit 
can be established, as well as the energy and emission intensity of production.  
The model uses the average energy consumption for a unit of material at each treatment 
destination to establish the energy requirements and associated emissions for the 
development of each mining increment.  Under this approach, the model has insufficient 
resolution to discriminate between individual units of mineralised material that require 
more or less energy at the designated treatment destination. However, the average energy 
requirements and total material movements provide an adequate estimation of the total 
energy consumption and associated emissions for the development of the deposit.  
Step 40: Net Present Value of the Project 
Estimate the net present value of the project (NPV) by subtracting the present value of the 
initial capital investment (CI) from the present value of the deposit (V).  
𝑁𝑃𝑉 = 𝑉 − 𝐶𝐼 Eqn.  3.143 Where:  V = The present value of the deposit at the beginning of the project ($) CI = The present value of the capital investment at the beginning of the project ($) 
Step 41: Total Energy Consumption and Emission Production 
Calculate the energy consumed and emissions produced by each mining increment, each 
operating component and the total deposit.  The calculations for the quantity of diesel, 
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electricity, explosives, natural gas and emissions for each mining increment and 
operational component are described in Section 3.4.6.  The calorific energy value of each 
energy input is used to convert the quantities of the energy inputs consumed to a standard 
energy measurement.  The total emissions released are separated into the categories of 
scope 1 and scope 2 carbon dioxide equivalent emissions.    
𝐽𝑍(𝑛) = 𝑞𝑑(𝑍) × 𝐽𝑑 + 𝑞𝜀(𝑍) × 𝐽𝜀 + 𝑞𝑙(𝑍) × 𝐽𝑙 + 𝑞𝑛𝑔(𝑍) Eqn.  3.144 
𝐽𝐷𝑒𝑝 = � 𝐽𝑀(𝑛)𝑁
𝑛=1
+ � 𝐽𝑆(𝑛)𝑁
𝑛=1
+ � 𝐽𝑃𝐶(𝑛) +𝑁
𝑛=1
� 𝐽𝐶(𝑛)𝑁
𝑛=1
+ � 𝐽𝑅(𝑛)𝑁
𝑛=1
 Eqn.  3.145 
𝐸𝐷𝑒𝑝 = � 𝐸𝑀(𝑛)𝑁
𝑛=1
+ � 𝐸𝑆(𝑛)𝑁
𝑛=1
+ � 𝐸𝑃𝐶(𝑛) + � 𝐸𝐶(𝑛)𝑁
𝑛=1
𝑁
𝑛=1
+ � 𝐸𝑅(𝑛)𝑁
𝑛=1
 Eqn.  3.146 
Where: JZ(n) = The calorific energy consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (J) qd(Z) = The quantity of diesel consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (L) qε(Z) = The quantity of explosive consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (kg) ql(Z) = The quantity of electricity consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (kWh) qng(Z) = The quantity of natural gas consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (J) Jd = The calorific energy contained in one litre of diesel (J/L) Jε = The calorific energy contained in one kilogram of explosive (J/kg) Jl = The calorific energy contained in one kilowatt hour of electricity (J/kWh) JDep = The energy consumed by the entire deposit (J) JM(n) = The energy consumed by the mining component at mining increment n (J) JS(n) = The energy consumed by the withdrawal of stockpiled ore at mining increment n (J) JPC(n) = The energy consumed by the pre-concentration at mining increment n (J) JC(n) = The energy consumed by the concentrator at mining increment n (J) JR(n) = The energy consumed by refining at mining increment n (J) EDep = The quantity of carbon dioxide equivalent emissions generated by the energy consumption of the entire deposit (t CO2e) EM(n) = The quantity of carbon dioxide equivalent emissions generated by the energy consumption of the mining component at mining increment n (t CO2e) 
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ES(n) = The quantity of carbon dioxide equivalent emissions generated by the energy consumption of stockpile withdrawal at mining increment n (t CO2e) EPC(n) = The quantity of carbon dioxide equivalent emissions generated by the energy consumption of pre-concentration at mining increment n (t CO2e) EC(n) = The quantity of carbon dioxide equivalent emissions generated by the energy consumption of concentration at mining increment n (t CO2e) ER(n) = The quantity of carbon dioxide equivalent emissions generated by the energy consumption of the refining component at mining increment n (t CO2e) 
Step 42: Energy and Emission Intensity of Production 
Calculate the energy intensity and emission intensity of production for each mining 
increment and the total deposit. 
𝐽𝑍 = 𝐽𝑍(𝑛)𝐴𝑑𝑗 𝑄𝑐(𝑛∗) × 𝜌𝑐  Eqn.  3.147 
𝐽𝐷𝑒𝑝 = ∑ 𝐽𝑀(𝑛) + ∑ 𝐽𝑆(𝑛) + ∑ 𝐽𝑃𝐶(𝑛) + ∑ 𝐽𝐶(𝑛) + ∑ 𝐽𝑅(𝑛)𝑁𝑛=1𝑁𝑛=1𝑁𝑛=1𝑁𝑛=1𝑁𝑛=1 ∑ [𝐴𝑑𝑗 𝑄𝑐(𝑛∗) × 𝜌𝑐]𝑁𝑛=1  Eqn.  3.148 
𝐸�𝑍 = 𝐸𝑍(𝑛)𝐴𝑑𝑗 𝑄𝑐(𝑛∗) × 𝜌𝑐 Eqn.  3.149 
𝐸�𝐷𝑒𝑝 = ∑ 𝐸𝑀(𝑛) + ∑ 𝐸𝑆(𝑛) + ∑ 𝐸𝑃𝐶(𝑛) + ∑ 𝐸𝐶(𝑛) + ∑ 𝐸𝑅(𝑛)𝑁𝑛=1𝑁𝑛=1𝑁𝑛=1𝑁𝑛=1𝑁𝑛=1 ∑ [𝐴𝑑𝑗 𝑄𝑐(𝑛∗) × 𝜌𝑐]𝑁𝑛=1  Eqn.  3.150 
Where: 
ĴZ = The energy intensity of production for operational component Z (M, C, R, S, or PC) (J/g Aue)  ÊZ = The carbon dioxide equivalent emission intensity for operational component Z (M, C, R, S, or PC)  (t CO2e/g Aue)  Ez(n) = The carbon dioxide equivalent emissions generated by the energy consumption of operational component Z (M, C, R, S or PC) during the selected mining increment (t CO2e)  
ĴDep = The energy intensity of production for the deposit (J/g Aue) ÊDep = The carbon dioxide equivalent emission intensity of production for the deposit    (t CO2e/g Aue) 
Step 45: End 
The calculations of the model are complete. 
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3.5. Concluding Remarks 
This chapter describes the methodology employed by this thesis for the novel 
quantification of the energy and emission metrics of metalliferous production.  The 
methodology is derived from the optimal cut-off grade policy of a mineralised deposit as 
described by Lane (1988) and has been modified to include pre-concentration as a 
discrete processing destination for the treatment of extracted resources.  The methodology 
performs iterative calculations to determine the maximum change in the present value of 
the deposit at all possible combinations of the cut-off grades to direct-feed and pre-
concentration.  The optimal cut-off grade policy incorporates stockpiling to maximise the 
utilisation of the deposit and ensures an accurate comparison of competing pre-
concentration and stockpiling strategies can be achieved.  The resultant material 
movements from the optimal cut-off grade and stockpiling policy for the deposit are used to 
determine the energy consumption and associated emissions released by production.  The 
result is a holistic estimation for the energy and emission profile of all operational 
components over the entire duration of the project based on the actions of an operator 
seeking to maximise the present value of the deposit.   
The methodology is bound by the assumptions detailed throughout this chapter and was 
employed for the evaluation of the case site described in Chapter 4.  The separation of the 
energy inputs of production was utilised in the evaluation of operational impacts for 
energy-efficiency and emission pricing presented in Chapter 6.  The unique inclusion of 
pre-concentration was used to determine the production impacts of pre-concentration 
strategies examined in Chapter 7.   
 
Chapter 4: Data and Assumptions Michael Scott 
 
96 
Chapter 4: Case Study Data and Assumptions  
The previous chapter described the methodology to optimise the cut-off grade policy for 
the development of a deposit and how this information may be used to quantify the energy 
consumption and associated emissions of metalliferous production.  The current chapter 
introduces the proposed operations of the case site and describes the input data and 
accompanying assumptions employed by the methodology to establish the energy, 
emissions and economics of gold and copper production at the site.  The results of the 
baseline analysis are discussed in Chapter 5 and were used to quantify the production 
impacts of improved energy-efficiency, the introduction of emission pricing in Australia and 
the implementation of pre-concentration strategies in Chapters 6 and 7.    
4.1. Context and Outline 
The feasibility study for the case site was completed by Fluor-Davy in February 1996.  
However, substantial modifications were made to equipment selection, plant design and 
the mining schedule prior to project approval in late 1996 (Malone 2011).  The information 
published in the feasibility study was employed primarily as the input data used for the 
analyses presented in this thesis.  This information relates to the operational parameters of 
the case study site prior to the adoption of significant project modifications and investment 
approval.  Therefore, the operational parameters presented throughout this chapter are not 
representative of the actual parameters achieved by the case site.  However they serve as 
an adequate representation of a potential project that could have been constructed in 1996 
to develop the deposit.  All monetary values stated throughout this chapter are expressed 
as 1996 Australian dollars. 
Section 4.2.1 provides background information for the characterisation of the deposit and 
the projected operational parameters and energy consumption documented in the 
feasibility study.  Section 4.2.2 describes the modifications that were made to the project 
prior to investment approval and discusses the potential impact these modifications may 
have on the analyses performed in this thesis.  Section 4.3 defines the input parameters 
employed by the methodology and Section 4.4 explains the accompanying assumptions of 
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the input parameters and their potential effect on the results discussed in this thesis.  
Section 4.5 provides concluding remarks for the chapter. 
4.2. The Case Site 
The following data and information were obtained from the feasibility study for the case 
site undertaken by Fluor-Davy (1996) and the AusIMM publication dedicated to the 
success of a series of projects within the province, including the case site (Malone 2011).  
These publications provide an ex-ante and ex-post analysis of the operation.   
4.2.1. The Feasibility Study 
The feasibility study examined the potential development of a large, low-grade, porphyry 
copper-gold deposit in Eastern Australia.  Exploration drilling defined a mineralised 
resource of 362Mt at 0.63g/t Au and 0.15% Cu and reported reserves as 204Mt at 0.73g/t 
Au and 0.17% Cu, using a static cut-off grade of 0.35g/t Aue (Fluor-Davy 1996).  The 
mineralised resource exhibited a weak to moderate correlation for gold and copper 
distributions at a detailed sampling level with a strong spatial relationship observed at the 
gross scale (Fluor-Davy 1996).  A reconstruction of the linear histograms and cumulative 
probabilities for gold and copper distributions of the deposit are presented in Figures 4.1 to 
4.4.  These charts were reconstructed using the log-normal distribution statistics reported 
in the feasibility study and presented in Table 4.1.  Table 4.1: Log-Normal Grade Distribution Statistics for the Case Site (Fluor-Davy 1996) Log-Normal Distribution Value Gold Mean (g/t) Standard Deviation  0.425146 0.997788 Copper Mean (%) Standard Deviation  0.119686 1.101053 
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 Figure 4.1: Reconstruction of the Linear Histogram and Cumulative Distribution of Gold  
 
 Figure 4.2: Reconstruction of the Cumulative Probability of Gold  
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 Figure 4.3: Reconstruction of the Linear Histogram and Cumulative Distribution of Copper  
 
 Figure 4.4: Reconstruction of the Cumulative Probability of Copper  
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• Four diesel-fuelled drilling rigs;  
• Two electric rope shovels with 56 tonne buckets;  
• Ten diesel-fuelled haul trucks with 218 tonne trays; and 
• Ancillary mining equipment including dozers, graders and water carts.   
The beneficiation of ore was to proceed through a concentration circuit capable of treating 
17Mt of ore per annum.  The concentration circuit utilised the following equipment and 
mineral recovery techniques (Fluor-Davy 1996; Malone 2011):  
• A gyratory crusher (P80 150mm; 6,600tph);  
• Two 10.9m diameter autogenous grinding mills; 
• Two 6.1m diameter by 9.9m ball mills (P80 150μm; 2,065tph at an operating 
availability of 94%); 
• Centrifugal gravity recovery of free milling gold; and  
• Froth flotation recovery of a copper-gold concentrate.   
The centrifugal gravity recovery of free milling gold was forecast to collect between 10-
20% of the total recoverable gold contained in the processed ore (Malone 2011).  The 
gravity recovered product was to be smelted directly to doré bullion on site and sold to a 
precious metal refinery (Malone 2011).  
The copper-gold concentrate was to contain the majority of the recoverable gold with 
processing recoveries of 78% for gold and 85% for copper (Fluor-Davy 1996).  The 
concentrate was to be pumped as a slurry 32.7km to a local town where it would be 
dewatered and transported by rail to a nearby port for shipping to a copper refinery 
(Malone 2011).   
The extraction of gold through cyanide leaching and electrowinning was investigated 
during the feasibility study.  However the hydrometallurgical process was shown to be 
uneconomic due to large quantities of cyanide soluble copper minerals present in the 
leach material (Malone 2011).  It was reported that the decision not to employ cyanide 
leaching at the mine site assisted in gaining community acceptance for the operation 
(Malone 2011). 
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The maximum electrical demand for the site was restricted to 57.3MW with production 
scheduled to average 85% of full capacity (Fluor-Davy 1996).  The electricity was supplied 
from the Eastern Australian electricity network at a budgeted price of $54.80/MWh 
(0.0548c/kWh) (Fluor-Davy 1996).  However due to the deregulation of the operating 
state’s electricity market, the power supply to the site was successfully negotiated at terms 
below the budgeted price (Malone 2011).  Annual electricity consumption was projected to 
be 426GWh, of which 74% was to be consumed by the primary grinding circuit (Fluor-Davy 
1996).  The projected annual electricity consumption of the case site is presented in Table 
4.2. Table 4.2: Projected Annual Electricity Consumption (Fluor-Davy 1996) 
Item Cost Component 
Electricity Consumed  MWh/year Mining kWh/t rock Concentrator kWh/t ore Refining kWh/oz Au Sewerage Fixed 25    Water Fixed 1,491    Mine Production Equipment Mining 11,295 0.19   Buildings Fixed 1,422    Crusher/Stockpile Concentration 18,831  1.11  Grinding Concentration 316,272  18.6  Flotation and Regrind Concentration 33,701  1.985  Gold Room Refining  67   1.586 Concentrate Handling Concentration 1,904  0.112  Tailings Concentration 27,508  1.62  Reagents Concentration 233  0.014  Concentrator Services Concentration 6,709  0.40  Mine Ancillary Equipment Mining 140 0.002   Mine Support Facilities Mining 508 0.008   Total  420,107 0.20 23.8 1.58 
                                            
5 The electricity consumption of flotation and regrind and concentrate handling would be incurred per tonne 
of concentrate generated.  However, to simplify the quantification using Lane’s classifications for the 
determination of an optimal cut-off grade policy, the electricity consumption of these activities have been 
assumed to vary with the quantity of ore treated.   
6 This value was calculated with reference to an annual recovery of 42,400oz of gold by gravity separation, 
assuming 15% of recoverable gold reported to the gravity recovered product.   
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The mobile mining equipment employed for the extraction of the deposit was expected to 
consume 13.4ML7 of diesel fuel per annum (Fluor-Davy 1996).  The budgeted price for 
diesel fuel was $270/kL (27c/L) after allowance for the diesel fuel rebate of $342/kL (34c/L) 
(Fluor-Davy 1996; Webb 2000).  The extraction of the mineralised deposit would also 
require the detonation of 12.5kt8 of explosives per annum at a budgeted price of $780/t 
(0.78c/kg)9 for heavy ANFO (Fluor-Davy 1996).       
Annual operating expenses were budgeted at $110M per year, of which expenditure on 
diesel, explosives and electricity represented one-third of operational costs at $34M per 
annum10 (Fluor-Davy 1996).  The projected annual operating costs of the case study site 
are detailed in Table 4.3. Table 4.3: Projected Annual Operating Costs, $Thousands (Fluor-Davy 1996)  Administration Mining Concentrator Total Operating Labour  $ 5,430 $ 2,010 $ 7,440 Maintenance Labour  $ 1,693 $ 1,905 $ 3,598 Supervision  $3,588 $ 2,164 $ 1,543 $ 7,295 Contracts  $ 2,193 $ 1,549 $ 3,742 Operating Supplies  $ 4,572 $ 32,164 $ 36,736 Maintenance Supplies  $ 11,513 $ 4,498 $ 16,011 Electricity $ 75 $ 619  $ 21,352 $ 22,046 Diesel Fuel  $ 3,607  $ 3,607 Explosives  $ 8,111  $ 8,111 Miscellaneous $ 49 $ 611 $ 705 $ 1,365 Total $ 3,712 $ 40,513 $ 65,726 $ 109,951 
                                            
7 The annual quantity of diesel fuel consumed was calculated from the projected annual operating costs of 
diesel fuel, $3,607,000 p.a. refer to Table 4.3, and the budgeted price after allowances for the diesel fuel 
rebate, $270/kL (Fluor-Davy 1996). 
8 The annual quantity of explosive consumed was calculated using the reported powder factors for ore and 
waste, 0.30kg/t ore and 0.27kg/t waste, and the annual rate of development of the operation, 19Mt ore and 
25Mt waste (Fluor-Davy 1996). 
9 The price of heavy ANFO was estimated from the proposed blast design and “down-the-hole” contract 
costs reported in the feasibility study (Fluor-Davy 1996). 
10 The estimated annual energy costs are based on the average annual quantities of diesel, explosives and 
electricity consumed and their respective prices. 
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Initial capital investment for construction and procurement was estimated at $422M with an 
additional $89M required for deferred and replacement capital (Fluor-Davy 1996).  The 
timing and value of capital investments for the case study site are presented in Table 4.4.  
The salvage value of the project’s assets upon closure were estimated to be $34M (Fluor-
Davy 1996).   Table 4.4: Projected Capital Investments, $Millions (Fluor-Davy 1996) Year Initial Capital Deferred Capital Replacement Capital Salvage Value Net Capital 0  $421.9    $ 421.9 1  $ 3.7   $ 3.7 2  $ 18.8 $ 0.5  $ 19.3 3  $ 14.2 $ 1.1  $ 15.3 4  $ 5.7 $ 1.9  $ 7.6 5  $ 11.8 $ 1.8  $ 13.6 6  $ 3.0 $ 1.8  $ 4.8 7  $ 2.8 $ 9.5  $ 12.3 8  $ 2.7 $ 1.9  $ 4.6 9  $ 0.1 $ 1.1  $ 1.2 10   $ 0.5  $ 0.5 11  $ 0.1   $ 0.1 Closure  $ 6.0  - $ 34.0 - $ 28.0 Total $ 421.9 $ 68.9 $ 20.1 - $ 34.0 $ 476.9 
 
The feasibility study adopted a sale price for gold of $750 per ounce and a sale price for 
copper of $3,540 per tonne11.  The scheduling of mineralised material was performed with 
reference to the gold equivalent grade and was calculated using Equation 4.1 (Fluor-Davy 
1996).     
 
                                            
11 The sale price of copper was calculated using the equation for gold equivalence reported in the feasibility 
study, Equation 4.1, and the relative prices and recoveries of copper and gold, as detailed in Equation 3.127.    
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Aue(g/t) = Au(g/t) + 1.6 × Cu(%) Eqn.  4.1  Where:  Aue(g/t) = The gold equivalent grade of the mineralised material Au(g/t) = The grade of gold in the mineralised material Cu(%) = The grade of copper in the mineralised material 
 
The annual mining schedule was generated using a static cut-off grade of 0.35g/t Aue and 
is presented in Table 4.5 (Fluor-Davy 1996).  The schedule generated 209Mt of ore with 
an average grade of 0.72g/t gold and 0.17% copper.  The schedule also stockpiled 48Mt of 
intermediate grade ore to be predominantly treated upon exhaustion of the deposit.  The 
mining period spans twelve years, with the concentration of stockpiled ore extending the 
operation into the fourteenth year. 
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Table 4.5: Annual Mine Production Schedule (Fluor-Davy 1996) Year Waste Mined (kt) Ore Mined (kt) Au Grade (g/t) Cu Grade (%) Aue Grade (g/t) Total Mined (kt) Strip Ratio Ore to Stockpile (kt) Ore Direct to Mill (kt) Ore Rehandled (kt) Total Ore to Mill (kt) 1 10,585 1,660 0.49 0.20 0.81 12,245 6.4 273 1,387 0 1,387 2 30,039 23,138 0.66 0.17 0.93 53,177 1.3 9,823 13,315 1,206 14,518 3 36,401 23,272 0.67 0.17 0.94 59,673 1.6 7,039 16,233 0 16,233 4 37,305 22,945 0.66 0.17 0.93 60,250 1.6 6,072 16,873 0 16,873 5 38,815 21,174 0.67 0.19 0.97 59,989 1.8 4,320 16,854 0 16,854 6 45,747 17,188 0.74 0.17 1.01 62,935 2.7 3,814 13,374 3,393 16,767 7 36,195 18,185 0.60 0.15 0.84 54,380 2.0 1,249 16,936 0 16,936 8 23,294 22,308 0.51 0.16 0.77 45,602 1.0 5,308 17,000 0 17,000 9 5,923 22,730 0.66 0.17 0.93 28,653 0.3 5,730 17,000 0 17,000 10 590 21,298 0.95 0.19 1.25 21,888 0 4,298 17,000 0 17,000 11 186 11,404 1.26 0.19 1.56 11,590 0 35 11,369 5,608 16,977 12 25 4,055 1.25 0.16 1.51 4,080 0 0 4,055 12,771 16,826 13 0 0 0 0 0 0 0 0 0 16,748 16,748 14 0 0 0 0 0 0 0 0 0 8,237 8,237 Total 265,105 209,356 0.72 0.17 0.99 474,461 1.27 47,960 161,396 47,960 209,356 
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4.2.2. Modifications to Equipment Selection, Pit Design and Mining Schedule 
The Fluor-Davy feasibility study for the mining project was completed in early 1996 but 
underwent substantial modifications to equipment selection, plant design and the mining 
schedule before project approval and construction in late 1996 (Malone 2011).  The 
project’s value was extremely susceptible to movements in metal prices due to the low-
grade, high-cost nature of the deposit (Malone 2011).  The metal prices adopted by the 
feasibility study, $750/oz Au and $3,540/t Cu, were much greater than the gold and copper 
prices reported by ABARES (2011b) in 1996, $495/oz Au and $2,930/t Cu12.  A 
comparison of the gold price listed by the London Metal Exchange (LME), the actual gold 
price achieved by the operation, and the gold price adopted by the feasibility study is 
displayed in Figure 4.5. 
 Figure 4.5: Comparison of the Reported Gold Price, the Gold Price Achieved by the Case Site and the Gold Price Adopted by the Feasibility Study 
The perceived risk of the project was alleviated through the strong indication of further 
deposits of significantly greater value within the surrounding vicinity.  The company had 
invested significant resources in exploration to expand their knowledge of the mineralised 
body and surrounding areas and viewed the project as a strategic platform to pursue 
further developments within the province (Malone 2011).  The deposit was viewed as 
                                            
12 Metal prices are reported in 1996 Australian Dollars using a 1996 USD exchange rate of 0.7829 USD/AUD 
(ABS 2012a). 
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being extremely amendable to open-pit mining methods supported by a very low stripping 
ratio (Malone 2011).  However, in order to develop the deposit and achieve an acceptable 
return on the invested capital, operating costs would have to be minimised through the 
exploitation of economies of scale.    
The processing circuits were redesigned to replace the two fully autogenous grinding (AG) 
mills with one 12.2m diameter by 6m long semi-autogenous grinding (SAG) mill feeding 
two large ball mills (Malone 2011).  This modification was selected to maintain the desired 
plant throughput at 17Mt per annum while reducing initial capital investment by 
approximately $40M (Malone 2011).  However the choice to include the single SAG mill 
was not without risk.  At the time of design, the single SAG mill was the largest mill ever 
installed in an operation throughout the world and required significant analysis to establish 
technical feasibility (Malone 2011).   
Alterations were also made to the selection of the mobile mining equipment to be 
employed for the loading and haulage tasks of the operation.  The electric shovels were 
replaced with diesel-fuelled hydraulic shovels for increased mobility and greater flexibility 
in scheduling material to be mined (Malone 2011).  The adoption of the similar sized, 
diesel-fuelled shovels permitted the intermediate pits and the mining sequence to be 
redesigned to improve the NPV of the project  (Malone 2011).  The haulage truck tray 
capacity was increased from 218 tonnes to 235 tonnes with the adoption of a lightweight 
tray configuration (Malone 2011).  The lightweight trays were estimated to provide a lower 
net operating cost over their useful life and improved diesel fuel consumption but were 
subsequently replaced with standard weight trays due to poor performance (Malone 2011).   
The revised feasibility study estimated initial capital costs at $441M including allowances 
for escalation that were absent from the original estimation.  The project obtained 
investment approval in late 1996 and construction began shortly after and was scheduled 
for completion within two years (Malone 2011).  Pre-stripping of the deposit commenced in 
mid-1997 with low-grade ore stockpiled for processing upon completion of the plant in mid-
1998 (Malone 2011).  The ramp-up of production was successful and the project was 
delivered to the controlling company at full capacity in late 1998, one month ahead of 
schedule and slightly under budget (Malone 2011).  
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The modifications made to equipment selection, plant design and the mining schedule 
targeted cost reductions and improved the project’s NPV.  The use of larger capacity, 
lighter trays on haulage trucks would reduce the mining cost and fuel consumption per 
tonne of material mined.  The adoption of a large single SAG mill over two smaller AG 
mills reduced initial capital expenditure for the project.  The greater flexibility provided by 
diesel-fuelled hydraulic shovels over electric rope shovels permitted greater flexibility in the 
mining schedule to improve the NPV of the operation.   
The key input parameters that would be affected by these modifications are mining and 
concentrating variable unit costs, energy consumption for mining and concentrating 
activities, and the grade-tonnage distribution of the mining increments of the deposit.   
4.3. Input Parameters 
The following input data was collated from the Fluor-Davy feasibility study of the case site.  
Required information absent from the feasibility study was constructed from reputable 
sources and referenced throughout.  Tables 4.6 to 4.13 define the input parameters used 
by the methodology for analysis of the case site.  The analyses of the case site assume 
constant prices for marketable metal and constant base costs for operational components 
of production.  
The grade-tonnage distribution tables were calculated using the log-normal distribution 
statistics for the copper and gold presented in Table 4.1 and the tonnages and average 
grades reported in the mining schedule presented in Table 4.5.  The grade-tonnage 
distribution tables are provided in Appendix D and their calculation is detailed in Section 
4.4.1.1.  A graphical representation of the processing pathways and associated energy 
requirements for the operation is presented in Figure 4.6. 
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Table 4.6: Operational Capacities of the Case Site Parameter Symbol Input Value Units Operational Capacities Refining Capacity13 R 1.1 Moz Aue p.a. Global Stockpile Capacity14 S 43.3 Mt Minimum Stockpile Withdrawal15 Min(Tsw) 1.0 Mt 
 Table 4.7: Mine and Concentrator Capacity of the Case Site16 Mining Increment (n) Mining Capacity Concentrator Capacity  (C; kt p.a.) Extraction (MExt; kt p.a.) Rehandling (MRH; kt p.a.) 1                   12,245                            -                       1,387  2                   53,177                     1,203                   14,518  3                   59,673                            -                     16,233  4                   60,250                            -                     16,873  5                   59,989                            -                     16,854  6                   62,935                     3,393                   16,767  7                   54,380                            -                     16,936  8                   45,602                            -                     17,000  9                   28,653                            -                     17,000  10                   21,888                            -                     17,000  11                   11,590                     5,608                   16,977  12                   11,590                     5,261                   16,826  Stockpile                           -                     16,748                   16,748  
                                            
13 The refining capacity was estimated at 50% greater than the largest quantity of gold equivalent product 
generated in a year from the mining schedule reported in the feasibility study and presented in Table 4.5.  
The refining capacity was overstated because the use of gold equivalent grade by the methodology is not 
valid if the refining of any product restricts the rate of production of the deposit.  Further details are provided 
in Section 4.4.1.2.  
14 The global stockpile capacity was taken from the maximum quantity of stockpiled ore in the mine 
production schedule of the feasibility study detailed in Table 4.5 (Fluor-Davy 1996).  
15 The minimum stockpile withdrawal was estimated from the minimum quantity rehandled in the mine 
production schedule of the feasibility study (1.2Mt) detailed in Table 4.5 (Fluor-Davy 1996). 
16 The mining extraction capacity, mining rehandling capacity and concentrator capacity represent the total 
material extracted, rehandled and sent to the mill during each mining increment in the mine production 
schedule from the feasibility study of the case site detailed in Table 4.5 (Fluor-Davy 1996).  
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Table 4.8: Economic Parameters of the Case Site Parameter Symbol Input Value Units Economic Parameters Sale Price P $750 $/oz Aue Mining Base Cost mbase $0.77 $/t rock Concentrating Base Cost cbase $2.77 $/t ore Refining Base Cost (Concentrate)17 rbasec $82.89 $/oz Aue Refining Base Cost (Gravity Recovered Gold)18 rbaseg $51.69 $/oz Au Stockpiling Base Cost19 sbase $0.46 $/t ore Stockpiling Mining Base Cost20 msbase $0.97 $/t ore Stockpile Annual Maintenance Cost21 fs $0.10 $/t ore p.a. Fixed Costs (Administration) f $3,712,000 p.a. Diesel Fuel Price d $0.27 $/L Explosive Price ε $0.78 $/kg  Electricity Price l $54.80 $/MWh Natural Gas Price22 ng $9.81 $/GJ Discount Rate23 δ 10%  Present Value of Capital Investment24 CI $478,261,000  Salvage Value25 SV $28,000,000  
                                            
17 The refining base cost for the copper-gold concentrate was established from the smelting contract of a 
similar copper-gold concentrate as reported by Ellis (1999), less the calculated energy costs associated with 
smelting and refining the concentrate.  Refer to Table 4.17. 
18 The refining base cost for gravity recovered gold was estimated from the refining and realisation charges 
provided by Ellis (1999) that were applicable to the treatment of gold.  Refer to Table 4.19. 
19 The stockpiling base cost was estimated from the minimum haulage cost ($0.28/t), less the diesel fuel cost 
($0.02/t), plus the average loading cost ($0.10/t), less the electricity cost ($0.01/t), plus road and dump 
maintenance costs ($0.11/t) (Fluor-Davy 1996).  
20 The stockpiling mining base cost was estimated from the mining base cost ($0.77/t) plus $0.20/t for the 
preparation of a suitable area for the stockpiled material.   
21 The annual maintenance cost for stockpiled material was estimated at $0.10/t. 
22 The price of natural gas was acquired from the R2Mining database (2013) at $14.85/GJ and was deflated 
to 1996 Australian dollars using the consumer price index reported by the ABS (2013a).  
23 The discount rate used was based on advice regarding typical industry practices around the time the 
operation commenced from a number of industry practitioners. The discount rate used in the feasibility study 
was not supplied. 
24 The present value of the capital investment was calculated from the size and timing of cash flows for the 
initial, deferred and replacement capital expenditure, excluding closure costs and the salvage value, reported 
in the feasibility study and detailed in Table 4.4.  A discount rate of 10% was used.   
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Table 4.9: Performance Parameters of the Case Site Parameter Symbol Input Value Units Performance Parameters Processing Recovery Gold ρc;Au 78%  Processing Recovery Copper ρc;Cu 85%  Annual Change in Stockpile Recovery Φ -1% Aue p.a. Gravity Recovery of Gold  ρg;Au 15% Recoverable Au Concentrate Grade Copper   26% Cu/t con Concentrate Grade Gold  Variable  Resolution for Cut-Off Grade Analysis cogres 0.01 g/t Aue Tolerance for Convergence  ±$500,000  
Table 4.10: Mining and Concentration Energy Requirements for the Case Site Parameter Symbol Input Value Units Mining Energy26  Diesel Fuel (Drill & Blast)  0.1 L/t rock Diesel Fuel (Haul)  Refer to Table 4.12 L/t rock Explosives (Ore)  0.30 kg/t ore Explosives (Waste)  0.27 kg/t waste Electricity (Dig & Load)  0.2 kWh/t rock Concentration Energy27 Electricity  23.8 kWh/t ore Crushing  1.1 kWh/t ore Grinding  18.6 kWh/t ore Flotation & Regrind  2.0 kWh/t ore Tailings  1.6 kWh/t ore Concentrate Handling  0.1 kWh/t ore Concentration Services  0.4 kWh/t ore 
                                                                                                                                                 
25 The salvage value represents the net cash flow of the salvage value of assets and the closure costs of the 
operation as reported in the feasibility study and detailed in Table 4.4. 
26 Mining energy requirements were compiled from information provided by the feasibility study (Fluor-Davy 
1996). 
27 Concentration energy requirements were taken from the feasibility study (Fluor-Davy 1996). 
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Table 4.11: Refining, Stockpiling and Fixed Energy Requirements for the Case Site Parameter Symbol Input Value Units Refining Energy (Concentrate)28 Electricity (refer to Table 4.16)  387.5 kWh/t con Copper  387.2 kWh/t con Gold  0.3 kWh/t con Natural Gas (refer to Table 4.16)  613.9 MJ/t con Copper   613.7 MJ/t con Gold  0.2 MJ/t con Refining Energy (Gravity Recovered Gold )29 Electricity (refer to Table 4.18)  1.6 kWh/oz Au Stockpile Rehandling Energy30 Diesel Fuel (Haul)  0.08 L/t ore Electricity (Dig and Load)  0.2 kWh/t ore Fixed Energy Sewerage  25 MWh/year Water  1,491 MWh/year Buildings  1,422 MWh/year 
 Table 4.12: Average Diesel Consumption for the Haulage of Material Contained in Each Mining Increment of the Case Site 
Increment (n) 1 2 3 4 5 6 7 8 9 10 11 12 Ore (L/t) 0.16 0.13 0.12 0.16 0.20 0.25 0.28 0.34 0.39 0.41 0.47 0.56 Waste (L/t) 0.13 0.21 0.18 0.24 0.30 0.37 0.42 0.48 0.55 0.57 0.62 0.68 
 
                                            
28 Refining energy requirements for the copper-gold concentrate were taken from Pitt & Wadsworth (1980) 
for Outokumpu flash smelting and refining of copper and Norgate & Harque (2012) for the subsequent 
smelting and refining of gold.  Refer to Section 4.4.2.1 for further details. 
29 The refining energy for gravity recovered gold was taken from the electricity requirements of the gold room 
reported in the feasibility study and presented in Table 4.2 and the refining energies for gold reported by 
Norgate & Harque (2012). 
30 The stockpiling energy was estimated as the minimum load and haul energy requirements reported by 
Fluor-Davy (1996). 
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Table 4.13: Conversion Factors Parameter Input Value Units Conversion Factors31 Energy   Diesel Fuel 38.6 MJ/L Electricity 3.6 MJ/kWh Explosives (heavy ANFO) 3.3 MJ/kg Emissions   Diesel Fuel 2.7 kg CO2e/L Electricity 0.89 kg CO2e/kWh Explosives (heavy ANFO) 0.18 kg CO2e/kg Natural Gas 51.3 kg CO2e/GJ Material   Copper Anode Slimes per Tonne Concentrate32 0.0025 t slimes/t con Troy Ounce 31.1 g Doré  90% Au 
 
 
                                            
31 Energy and emission conversion factors were taken from the National Greenhouse Accounts (Department 
of Climate Change 2008b).  The energy factor for heavy ANFO was taken from Musa, Stewart & Weiss 
(2011). 
32 The mass of copper anode slimes generated from the refining of the copper-gold concentrate was 
estimated as one percent of the mass of the recovered copper cathode (0.26% Cu/t con × 96.5% refinery 
recovery Cu × 1% slimes/t Cu cathode).  One percent was chosen to represent the slimes generated by the 
electrolytic refining of a 99% pure copper anode to >99.99% pure copper cathode. 
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 Figure 4.6: Processing Pathways and Energy Requirements for the Case Study Site  
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Electricity = 24.1 to 24.3kWh/t 
Smelting/Converting
Electricity = 1,223 kWh/t Cu
Natural Gas = 1,233 MJ/t Cu
Fire/Electrolytic Refining
Electricity = 320 kWh/t Cu
Natural Gas = 1,213 MJ/t Cu
Slimes Pressurised 
Oxidation/Smelting
Electricity = 3,565 kWh/t Au
Natural Gas = 2,354 MJ/t Au
Chlorination/ Electrolytic 
Refining
Electricity = 858 kWh/t Au
>99.95% Gold
>99.99% Copper
Gravity Recovered Gold Refining
Doré Smelting
Electricity = 50,750 kWh/t Au
Chlorination/ Electrolytic 
Refining
Electricity = 858kWh/t Au
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4.4. Assumptions 
The following section describes the assumptions made to determine the grade-tonnage 
distribution of the mining increments of the deposit and the refining energy and costs 
required for the demonstration of the methodology.    
4.4.1. Grade-Tonnage Distribution of Mining Increments 
A detailed grade tonnage distribution is required to determine the optimal cut-off grade for 
each mining increment.  In the absence of block model data, detailed grade-tonnage 
distributions for each mining increment of the case site were defined and constructed 
under the following assumptions.  It is acknowledged that for the purposes of 
demonstrating the methodology of this thesis, the generated grade-tonnage distributions of 
mining increments provide an adequate representation of the ultimate pit and mining 
sequence reported in the feasibility study for the case site.   
4.4.1.1. Defining a Mining Increment 
A mining increment is used to define a finite unit of mineralised material that is scheduled 
for extraction from the ultimate pit.  Each mining increment has a unique grade-tonnage 
distribution and a specific order within the mining sequence.  The mining increments can 
be of any size and may vary.  Smaller increments increase the precision with which a cut-
off grade policy may be formulated for the development of a deposit but also increase 
computational requirements.   
The methodology described in Chapter 3 requires the grade-tonnage distribution of each 
mining increment to be entered as finite tonnages contained within defined grade-category 
bins.  Each bin is defined by a lower and upper bound grade and a continuous uniform 
distribution of grade over the tonnage contained in each bin is assumed.  This requirement 
effectively replicates a continuous grade-tonnage distribution through a number of discrete 
grade-tonnage segments for each mining increment. 
The annual mining schedule reported in the feasibility study (Table 4.5) was used to define 
the mining increments presented in Appendix D.  Each mining increment was defined by 
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the quantity of material mined in each period of the mining schedule.  The scheduled 
tonnages of ore and waste for each mining increment were known at a static cut-off grade 
of 0.35g/t Aue.  The average grade of copper and gold contained in the scheduled ore was 
also known.  The log-normal grade distribution statistics for copper and gold (Table 4.1) 
were used to define a suitable grade distribution for each mining increment that 
reproduced the known average grade of copper and gold for ore at a static cut-off grade of 
0.35g/t Aue.  From this information, a detailed grade-tonnage distribution for each mining 
increment of the deposit was generated that satisfies the requirements of the methodology 
and adequately represents the annual mining schedule of the feasibility study. 
The generated gold-equivalent grade distribution and cumulative probability of all mining 
increments encompassing the ultimate pit of the case study site are presented in Figures 
4.7 and 4.8.   
 Figure 4.7: Generated Gold Equivalent Grade Distribution of the Ultimate Pit  
All cut-off grade calculations were made with reference to the gold equivalent grade-
tonnage distribution of the mining increments presented in Appendix D.  However, the 
individual gold and copper content of the grade-tonnage distributions are required by the 
methodology to assess the outcomes of treatments that affect these metals differently.  
One such treatment examined in this thesis was the gravity recovery of free milling gold in 
the concentration component of the mining operation.  The individual gold and copper 
grade-tonnage distributions for each mining increment are presented in Appendix D.   
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 Figure 4.8: Generated Cumulative Probability of Gold Equivalent Grade in the Ultimate Pit  
4.4.1.2. Limitations of Using Metal Equivalent Cut-off Grades 
Mineralised deposits containing multiple metals of commercial value were transformed into 
a grade-tonnage distribution expressed as a single metal equivalent for analysis by the 
methodology described in Chapter 3.  This method was chosen to honour the reporting 
and operating policies of the case site.  The use of metal equivalence for the formulation of 
an optimal cut-off grade policy has several limitations due to the underlying assumptions of 
compressing a multi-dimensional grade distribution to a single metal expression (refer to 
Section 2.8.1). 
For the purposes of demonstrating the methodology of this thesis, it was assumed that the 
refining capacity of gold and copper would never limit the rate of production of the deposit.  
Hence, the refining capacity of the case site was estimated to be 50% greater than the 
largest quantity of gold equivalent product generated in a single year from the annual 
mining schedule presented in Table 4.5.  This assumption ensures the optimal cut-off 
grade policy of the mineralised deposit is identified using the methodology described in 
Chapter 3.      
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4.4.2. Refining Costs and Energy Requirements 
The case site produced two distinct intermediate metal products, the copper-gold 
concentrate and a small quantity of doré bullion that required refining to generate a 
commercial metal product.  The method of refining, associated energy requirements and 
refining costs were not reported in the feasibility study.  However, Malone (2011) 
commented that the realisation and royalty charges for the case site amount to 
approximately 15% of the recovered product’s value.  In the absence of definitive refining 
processes and costs, the following assumptions were made. 
4.4.2.1. Refining the Copper-Gold Concentrate  
The copper-gold concentrate generated by the mining operation was sold to a copper 
refinery and processed into high-quality, electrolytic-refined copper cathode.  The gold 
contained in the concentrate was recovered in the copper anode slimes and transported to 
a precious metal refinery where it was processed into electrolytic-refined gold bullion. 
The copper refining process consists of four fundamental stages:  
• Smelting copper concentrate to copper matte (~60% Cu), 
• Converting copper matte to blister copper (~98% Cu), 
• Fire refining blister copper and casting copper anode (>99% Cu), and 
• Electrolytic refining copper anode to high-quality copper cathode (>99.99% Cu). 
The energy requirements for refining copper are largely dependent on the smelting and 
converting technologies employed (Table 4.14).  The adoption of flash smelting and 
continuous smelting technologies have greatly reduced the energy requirements for 
refining copper concentrate (Davenport et al. 2011; Pitt & Wadsworth 1980).  These 
technologies accounted for 58% of total copper smelter capacity in 1996 and have since 
grown to represent 68% of total copper smelter capacity in 2012 (ICSG 2012).  
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Table 4.14: Energy Consumption of Selected Copper Smelting Technologies (Pitt & Wadsworth 1980) Operation Energy Consumption (GJ/tonne Copper Cathode) Electric Furnace Conventional Wet Charge Mitsubishi Continuous Noranda Continuous Outokumpu Flash INCO Flash Material Handling  0.85 0.77 0.92 0.66 0.85 Drying/Roasting 3.11  1.50 0.93 1.43 2.16 Smelting 22.13 30.99 9.35 5.79 0.93 0.07 Converting 7.56 2.52 1.94 0.53 0.74 1.09 Fire Refining 1.17 1.34 1.34 1.34 1.34 1.34 Electrorefining 4.76 5.44 5.44 5.44 5.44 5.44 Slag Treatment   1.57 1.52 1.73  Gas Purification 3.48 9.13 2.41 4.95 4.88 5.31 Acid Plant 5.51 2.64 5.25 3.61 4.49 3.71 Total 47.72 52.91 29.56 25.03 21.65 19.97 
     
The copper smelting technology employed for the treatment of the copper-gold 
concentrate produced by the case site was assumed to utilise the Outokumpu flash 
smelting process.  This assumption was based on the Outokumpu flash smelting 
technology being the dominant technology available to the Asia-Pacific Region at the time 
the mining operation commenced (Table 4.15).   
The Outokumpu flash smelting technology is extremely energy-efficient when compared to 
conventional reverberatory smelting processes.  Therefore, the assumption that the 
Outokumpu technology was employed to refine the concentrate may underestimate the 
energy intensity of metal production from the case site.  However, as the Outokumpu 
process was the dominant smelter technology of the region and flash and continuous 
smelting technologies were favoured by copper refineries, the energy inputs adopted for 
the refining of copper are considered to be representative of the majority of copper 
produced from the region at the time. 
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Table 4.15: Copper Smelting Technologies Located within the Asia Pacific Region33 (USGS 2003) Smelting Technology Number of Occurrences Outokumpu Flash/Continuous 11 Blast 10 Conventional Reverberatory 6 Mitsubishi Flash/Continuous 3 Isasmelt 3 Noranda 2 Flash 2 Boliden 1 Baiyin 1 Ausmelt 1 
 
The gold contained in the copper-gold concentrate was recovered in the copper anode 
slimes during the electrolytic refining of copper cathode (Davenport et al. 2011).  The 
method of refining gold recovered from copper anode slimes has been reported by 
Kongolo & Mwema (1998).  The copper anode slimes are treated with sulphuric acid 
before being roasted and smelted to doré.  When multiple precious metals are contained in 
the doré, a series of electrolytic refining processes, subsequent chemical treatment and re-
smelting of the generated slimes will produce electrolytic refined silver, gold and platinum.  
If the gold doré contains negligible quantities of other precious metals, it will be treated by 
chlorination using the Miller process to remove any base metals and silver.  The gold 
generated by the Miller process is then cast into anodes and electro-refined to >99.95% 
purity by the Wohlwill process.   
Davenport et al. (2011) and Norgate & Harque (2012) acknowledge that the roasting of 
copper anode slimes and gold concentrates generate toxic, volatile selenium compounds.  
As a result, roasting has largely been replaced by hydrometallurgical leaching processes, 
including pressurised oxidation.  As gold is the primary metal of interest for the case study 
                                            
33 Countries containing a copper refinery in the Asia Pacific region included Australia, China, India, 
Indonesia, Japan, North Korea, Republic of Korea and the Philippines. 
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site, it is assumed that negligible quantities of other precious metals were present in the 
copper anode slimes of the concentrate.  Therefore the preferred method of recovering 
gold from the copper anode slimes was: 
• The sulphuric acid treatment and pressurised oxidation of the copper anode slimes, 
• Smelting the oxidised slimes to doré (~90% Au), 
• Treating the doré by chlorination using the Miller process (>99% Au), and 
• Electrolytic refining gold by the Wohlwill process (>99.95% Au). 
The assumption that the doré generated from the copper anode slimes contains a large 
quantity of gold and negligible quantities of other precious metals removes the need for the 
sequentially electrolytic refining of silver and platinum.  Hence, this assumption may 
underestimate the energy intensity of the metal generated by the case site.  However, the 
energy requirements for refining gold contained in the concentrate represent less than 
0.1% of the total refining energy of the copper-gold concentrate (Table 4.16).  Therefore 
any underestimation in the refining energy of gold will have an insignificant impact on the 
calculated energy intensity of generated metal from the case site.   
The energy requirements for refining the copper-gold concentrate do not include the 
energy associated with the transportation of the concentrate from the mine site to the 
copper smelter or the transportation of the copper anode slimes to the precious metal 
refinery.  These energy requirements are likely to be significant given the large distances 
between the mine site and available smelters.  For the purpose of demonstration, the 
results presented throughput this thesis do not include the transportation energy and 
associated emissions of the copper-gold concentrate produced by the mine site.      
The variable base cost for refining one tonne of the copper-gold concentrate was 
estimated using the refining contract and realisation charges of an alternative Eastern 
Australian copper-gold mine, as reported by Ellis (1999).  These refining costs provide an 
accurate representation of a smelting contract for copper-gold concentrate around the time 
the case site began operations.   
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Table 4.16: Calculation of the Refining Energy for the Copper-Gold Concentrate Copper Refining (Outokumpu Flash)34 Electricity (kWh/t Cu) Natural Gas (MJ/t Cu) Materials Handling 60.0  Drying  1,232.8 Smelting 83.9  Converting 66.9  Slag Treatment 156.9  Gas Purification 440.3  Acid Plant 405.7  Water Cleaning 9.9  Fire Refining 11.0 1,213.0 Electrolytic Refining 308.6  Total  1,543.2 2,445.8 Per tonne of concentrate35 387.2 613.7 Gold Refining (Copper Anode Slimes)36 Electricity (kWh/oz Au) Natural Gas (MJ/oz Au) Pressure Oxidation37 0.11 0.06 Smelting  0.01 Chlorination (Miller Process) 0.02  Electrolytic Refining (Wohlwill Process) 0.01  Total 0.14 0.07 Per tonne of concentrate38 0.3 0.2 
 
                                            
34 Energy values were adopted from Pitt & Wadsworth (1980) for the Outokumpu smelting process and are 
expressed per tonne of refined copper cathode. 
35 One tonne of copper-gold concentrate generates 250.9kg refined copper (0.26%Cu/t concentrate × 96.5% 
recovery), refer to Table 4.17. 
36 Energy values were taken from Norgate & Harque (2012) and are expressed per troy ounce of refined gold 
cathode. 
37 Based on the energy requirements of 121 kWh/t slimes for electricity and 68MJ/t slimes for natural gas, as 
reported for gold concentrate by Norgate & Harque (2012).   
38 To determine the refining energy requirements of the concentrate, a 75g/t target gold grade for the 
concentrate was used based on the desired specification of the concentrate reported in the feasibility study 
(Fluor-Davy 1996).  Hence, one tonne of copper-gold concentrate generated 72.75g (2.34oz) of refined gold 
(75g Au/t concentrate × 97.0% recovery), refer to Table 4.17. 
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It is acknowledged that the refining and mining activities occur at different geographical 
locations and would be subjected to different energy prices.  However, for the purposes of 
simplicity, it was assumed that the refining operation incurred the same energy prices as 
the mining operation.  As the energy costs attributable to refining a unit of the concentrate 
are subtracted from the total refining costs to determine the base cost, this assumption did 
not affect the total costs of refining a unit of concentrate (Table 4.17).  However, the 
assumption may underestimate or overestimate any changes made to energy prices or the 
base cost of refining the concentrate.   Table 4.17: Calculation of the Refining Base Cost for the Copper-Gold Concentrate39  Parameter Unit Value Value ($/t Con) Value ($/oz Aue)  Sale Price Copper ($/t) $ 3,541.00   Sale Price Gold ($/oz) $ 750.00   Avg. Cu Content Concentrate (%)  26% $ 920.66 $ 245.51 Avg. Au Content Concentrate (oz/t)  2.41 (75g/t) $ 1,807.50 $ 482.00 Payable Copper  96.5% $ 888.44 $ 236.92 Payable Gold  97.0% $ 1,753.28 $ 467.54 Payable Loss  $ 86.44 $ 23.05 Treatment Charge ($/t Con) $105.00 $ 105.00 $ 28.00 Refining Charge Copper ($/kg Cu) $0.18 $45.16 $12.04 Refining Charge Gold ($/oz Au) $5.91 $13.82 $3.69 Realisation Costs   $87.65 $23.37 Total Refining Costs  $338.07 $90.15 Less Electricity (MWh/t Con) 0.3875 $21.24 $5.66 Less Natural Gas (GJ/t Con) 0.6139 $6.02 $1.61 Refining Base Cost Concentrate  $310.81 $82.89 
 
 
                                            
39 The refining variable base cost for the copper-gold concentrate is based on the refining contract reported 
by Ellis (1999) and the energy consumption presented in Table 4.16. 
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4.4.2.2. Refining the Gravity Recovered Gold 
The mining operation collected between 10-20% of the recoverable gold in processed ore 
by gravity separation (Malone 2011).  The gravity recovered gold was smelted to doré at 
the site and sold to a precious metal refinery were it was refined to gold bullion.  For the 
purposes of demonstration, 15% of the recoverable gold contained in processed ore was 
assumed to be collected by gravity separation and smelted to doré at the mine site.  The 
doré was assumed to contain a negligible quantity of other precious metals and therefore 
would be refined by chlorination using the Miller process and electro-refined by the 
Wohlwill process (Kongolo & Mwema 1998).   
The refining energy for gravity recovered gold is presented in Table 4.18 and does not 
include the energy required to transport the doré produced at site to the precious metal 
refinery.  Table 4.18: Calculation of the Refining Energy for the Gravity Recovered Gold40 Refining Gravity Recovered Gold Electricity (kWh/oz Au) Smelting to Doré 1.58 Chlorination (Miller Process) 0.02 Electrolytic Refining (Wohlwill Process) 0.01 Total  1.61 
 
The refining base cost for gravity recovered gold was estimated from the refining and 
realisation charges provided by Ellis (1999) that were applicable to the treatment of gold 
only.  Although there were no details regarding the refining cost of gravity recovered gold 
in the feasibility study, Malone (2011) acknowledged that the realisation and refining costs 
for gravity recovered gold were significantly less than the copper-gold concentrate.  The 
calculation of the refining base cost for gravity recovered gold at the case site is presented 
in Table 4.19.    
                                            
40 The refining energy for smelting gravity recovered gold to doré bullion was taken from the annual 
electricity consumption of the gold room reported by Fluor-Davy (1996) using the average annual gravity 
recovery of free-milling gold as 15% of the contained gold in scheduled ore.  The energies required for the 
chlorination and electrorefining of doré bullion were taken from Norgate & Harque (2012). 
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Table 4.19: Calculation of the Refining Base Cost for Gravity Recovered Gold  Parameter Unit Value Value ($/oz Au)  Sale Price Gold ($/oz) $750.00 $750.00 Payable Gold (%) 97.0 $727.50 Payable Loss  $22.50 Refining Charge Gold  $5.91 Realisation Costs  $23.37 Total Refining Costs  $51.78 Less Electricity (kWh/oz Au) 1.6 $0.09 Refining Base Cost Gravity Recovered Gold  $51.69 
 
4.5. Concluding Remarks 
This chapter introduced the operations of the case site and detailed the data and 
assumptions that comprise the input parameters employed by the methodology described 
in the previous chapter.  The feasibility study was used as the primary reference for 
constructing the data and assumptions that portray the operational strategy and 
mineralised deposit of the case site.  The operation depicted in the feasibility study 
underwent substantial modification prior to investment approval but provides an accurate 
representation of a potential operation for the development of the deposit at the time.  
Several assumptions were required to generate the grade-tonnage distributions for the 
mining increments of the deposit and to define the refining technologies, contracts and 
energy consumption for marketing the concentrate and doré bullion produced at the site.  
These assumptions provide an adequate representation of the potential operations at the 
case site for the purpose of demonstrating the methodology of this thesis.  The following 
chapter presents the application of the methodology and data to establish the baseline 
analysis for the energy, emissions and economics of production at the case site.   
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Chapter 5: Baseline Assessment of the Case Site  
The current chapter discusses the results for the baseline analysis of the energy, 
emissions and economics of production at the case site.  The previous chapters describe 
the methodology and the input data employed to establish the results of the baseline 
assessment. This chapter discusses the optimised cut-off grade policy for the development 
of the deposit and the resultant economic parameters, energy consumption and 
associated emissions of the operation.  The baseline assessment established in the 
current chapter provides the reference point for the quantification of production impacts 
due to the introduction of emission pricing, energy-efficiency and pre-concentration at the 
case site in Chapters 6 and 7. 
5.1. Context and Outline 
The current chapter establishes the baseline production parameters of the case site, 
including the energy and emission intensities of production, and the estimated net present 
value of the operation.  The baseline parameters of the case site provide the foundation to 
measure production impacts resulting from improvements in the energy-efficiency of 
operational equipment, the introduction of emission pricing in Australia, and the inclusion 
of pre-concentration treatment strategies at the case site.   
A summary of the results for the baseline assessment of the operation is provided in 
Section 5.2.1.  The optimal cut-off grade policy for the development of the deposit is 
described in Section 5.2.2 and the differences between the scheduled material allocations 
of the baseline assessment and the feasibility study are reconciled.  Section 5.2.3 
discusses the energy consumption and associated emissions attributable to the activities 
of the operation and the resultant energy and emission intensities of copper and gold 
production from the case site.  The economic parameters of the operation and the 
sensitivity of the case site to energy prices are examined in Section 5.2.4.  Concluding 
remarks regarding the results of the baseline assessment for the case site are provided in 
Section 5.3. 
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5.2. Results and Discussion 
5.2.1. Summary of Results 
A summary of results for the valuation, performance, and energy and emission metrics of 
the case site are presented in Table 5.1.   Table 5.1: Summary of Results for the Baseline Analysis of the Case Site Parameter Value Present Value of the Deposit  $ 1,187.1 M Present Value of Capital Investment  $ 478.3 M Net Present Value of the Project $ 708.8 M Duration of the Operation  13.7 years Quantity of Ore Sent Directly to the Plant  170.8 Mt  Quantity of Ore Stockpiled and Rehandled  42.5 Mt  Quantity of Waste Mined  261.1 Mt  Quantity of Refined Gold Produced 3.8 Moz  Quantity of Refined Copper Produced 280.3 kt Energy Consumed  28.5 PJ  Emissions Generated (CO2e; Scope 1 & 2) 5.6 Mt  Energy Intensity of Production (GJ/oz Aue) 5.48 Emission Intensity of Production (t CO2e/oz Aue) 1.07 
 
5.2.2. The Optimised Cut-Off Grade Policy  
The optimisation of the cut-off grade policy examined the development of the mineralised 
deposit through the sequential extraction and allocation of material contained in each 
mining increment.  The formulated policy specifies an optimal cut-off grade to apply to 
each mining increment that will maximise the present value of the deposit.  The present 
value of the deposit is determined by the cumulative discounted cash flows resulting from 
the development of the deposit.  These cash flows are assumed to occur evenly 
throughout each mining increment.  The annualised allocation of extracted material, 
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rehandling of stockpiled material and gold equivalent production resulting from the 
optimised cut-off grade policy of the case site is summarised in Figure 5.1.   
 Figure 5.1: Annual Material Allocations, Rehandling and Production for the Case Site   
The annual quantity of product generated by the operation increases as the deposit 
approaches depletion and plummets upon transition to the stockpiled ore.  This is due to 
the average grade of extracted ore being higher during the final mining increments of the 
deposit and the subsequent decline in grade of stockpiled ore which is treated upon 
exhaustion of the deposit.  The treatment of the accumulated stockpiled provided an 
additional 42.5 Mt of intermediate grade ore and extended the concentration activities of 
the operation by 2.5 years.  The optimised cut-off grade policy for the development of the 
case site is detailed in Table E.1 in Appendix E and the annualised material allocations 
and cash flows are presented in Table E.2 in Appendix E.   
5.2.2.1. The Annual Mining Schedules of the Baseline Analysis and the Feasibility Study 
The annual mining schedules from the optimised cut-off grade policy of the baseline 
analysis (Table E.1 and E.2) and the feasibility study of the case site (Table 4.5) are very 
similar.  The minor differences that can be observed relate to the early withdrawal of 
stockpiled ore in the mining schedule of the feasibility study.  This permitted a greater 
quantity of intermediate grade ore to be stockpiled over the life of the mine with respect to 
the global capacity of the accumulated stockpile at the site.  Overall, a similar quantity of 
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ore is treated at the processing plant in the baseline analysis and the feasibility study but a 
greater quantity of ore is sent directly to the processing plant in the optimised baseline 
analysis.  A comparison between the mining schedules is summarised in Table 5.2 and 
Figure 5.2.   Table 5.2: Comparison between the Feasibility Study and the Baseline Analysis  Parameter Feasibility Study Baseline Analysis Cut-Off Grade for Stockpile 0.35g/t Aue 0.73 to 0.31g/t Aue Total Waste Rock Mined 265.1 Mt  261.1 Mt  Ore Direct to Plant 161.4 Mt  170.8 Mt  Stockpiled Ore Rehandled 48.0 Mt  42.5 Mt  Total Ore Processed 209.4 Mt 213.3 Mt  Average grade of Ore Processed  0.99g/t Aue 0.98g/t Aue Total Refined Product 5.2 Moz Aue 5.2 Moz Aue Duration of the Operation 13.5 yrs 13.7 yrs 
 
 Figure 5.2: Total Material Allocations during the Feasibility Study and the Baseline Analysis 
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5.2.3. Energy Consumption and Associated Emissions of Production 
The optimised cut-off grade policy established the quantity of material allocated to the 
processing pathways for the duration of the operation.  These quantities have been used 
to determine the energy consumed and the associated emissions released for all 
operational components of the case site.   
The emissions reported for the analyses of this thesis incorporate scope 1 and scope 2 
emissions associated with the consumption of energy inputs for production.  Scope 1 
emissions encompass those directly released into the atmosphere by the activities of 
operational components and include the consumption of diesel fuel, explosives and natural 
gas (National Greenhouse and Energy Reporting Regulations 2008 (Cth)).  Scope 2 
emissions comprise of those released during the generation of electricity purchased and 
consumed by the operational components (National Greenhouse and Energy Reporting 
Regulations 2008 (Cth)).  Scope 3 emissions cover the emissions released by other 
facilities as a result of the activities of the operational components which are not already 
covered under scope 2 emissions (DCC 2008c).  Scope 3 emissions associated with the 
energy inputs of production include those attributable to transmission and distribution 
losses for purchased electricity and the production and transportation of diesel fuel, 
explosives and natural gas consumed by the operation (DCC 2008b).  Only scope 1 and 
scope 2 emissions are required to be reported by the operation under the National 
Greenhouse and Energy Reporting Regulations 2008 (Cth). 
The energy consumption and associated emission attributable operational components of 
the case site during the baseline assessment of the case site are presented in Table 5.3.   
  
Chapter 5: Baseline Assessment Michael Scott 
 
131 
Table 5.3: Total Energy Consumption and Associated Emissions of Production at the Case Site  
Component Sub-Component Item Quantity Energy (GJ) Emissions (t CO2e)41 Mining Drill and Blast Diesel Fuel (kL) 47,446 1,831,423  128,105  Explosives (t) 135,175  446,079  24,332  Load and Haul Diesel Fuel (kL) 135,828 5,242,958  366,735  Electricity (MWh) 94,892 341,613  84,454  Stockpile Rehandling Diesel Fuel (kL) 3,399  131,200  9,177  Electricity (MWh) 8,497  30,591  7,563  Concentration Crushing and Grinding Electricity (MWh) 4,202,388  15,128,596  3,740,125  Separation and Services Electricity (MWh) 853,277  3,071,796  759,416  Refining Concentrate Cu Smelt/Convert Natural Gas (GJ) 333,746  333,746  17,121  Electricity (MWh) 330,286  1,189,027  293,954  Cu Fire/Electrorefining Natural Gas (GJ) 328,333  328,333  16,843  Electricity (MWh) 86,420  311,111  76,914  Slimes oxidation/smelting Natural Gas (GJ) 185  185  9  Electricity (MWh) 279  1,005  248  Chlorination/Electrorefining Electricity (MWh) 67  242  60  Refining Gravity Recovered Gold 
Doré smelting Electricity (MWh) 900  3,241  801  Chlorination/Electrorefining Electricity (MWh) 15  55  14  Fixed Administration Electricity (MWh) 40,356  145,283  35,917  Total 28,536,484 5,561,789 
 
5.2.3.1. Energy and Emission Profiles of the Operation 
A breakdown of the total energy consumption and associated emissions of operational 
components are presented in Figure 5.3.  The information has also been displayed as a 
breakdown by fuel type consumed during production of deposit in Figure 5.4. 
  
                                            
41 Values represent total of scope 1 and scope 2 emissions for the quantity of each energy item consumed.  
Fugitive emissions released from refining activities and transportation energy and emissions for the copper-
gold concentrate and doré are not included in the values reported. 
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a) Total Energy Consumption b) Energy Associated Emissions 
  Figure 5.3: Breakdown of the Energy and Emissions for Sub-Components of the Operation 
a) Total Energy Consumption b) Energy Associated Emissions 
  Figure 5.4: Breakdown of Energy and Emissions by Fuel 
The energy profile of the case site reveal concentration activities account for 64% of the 
total energy requirements of production, mining activities 28% and refining activities just 
8%.  The energy profile obtained is characteristic of low-grade deposits which are typically 
dominated by the energy requirements of concentration and mining activities (Figure 5.5b).  
Norgate and Haque (2010) have shown that declining grades greatly increase the energy 
intensity of mining and concentration activities but do not significantly affect the energy 
intensity of refining activities (Figure 5.5a).  This is because mining and concentration 
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energy intensities are highly dependent on striping ratios and ore grade while the energy 
intensity of refining activities are dependent on the characteristics of the concentrate, 
which is largely independent of initial ore grade (Norgate & Haque 2010).   
a) Total Embodied Energy b) Proportions of Embodied Energy 
  Figure 5.5: The Embodied Energy of Pyrometallurgical Copper Production with Respect to Ore Grade (Norgate & Haque 2010) 
5.2.3.2. The Discrepancy between Energy and Emission Profiles of Production  
A comparison of the energy and emission profiles of production reveal a disproportionate 
share of the total energy consumed and associated emissions released for mining and 
concentration activities (Figures 5.3 and 5.4).  Concentration activities required 64% of the 
total energy of production but generated 81% of total emissions.  Conversely, mining 
activities consumed 28% of the total energy and contributed only 11% of the total 
emissions of production.  The discrepancy between the relative proportions of energy 
consumption and associated emissions is due to the differences in the calorific energy 
content and global-warming potential of the energy inputs employed by operational 
components.   
Electricity purchased from the Eastern Australian distribution network and consumed at the 
case site had an emission factor 4 to 5 times greater than the equivalent energy content of 
diesel fuel, explosives and natural gas (Figure 5.6).  Electricity generation in Australia was 
dominated by coal-fired generators operating at an average efficiency of 33% at the time 
the mining operation commenced (Australian Bureau of Agricultural and Resource 
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Economics 2004; Taylor et al. 2008).  Hence, for every gigajoule of electricity the operation 
purchased from a coal-fired power plant, the calorific energy content of three gigajoules of 
coal was required and 270 kilograms of CO2e emissions were released.  Although the 
emissions attributable to the coal-fired electricity generator are not directly released by the 
case site, they are required to be reported by the operation under scope 2 emissions 
directly attributable to production (National Greenhouse and Energy Reporting Regulations 
2008 (Cth)).   
 Figure 5.6: Emission Factors for the Energy Inputs of the Case Site (Department of Climate Change 2008b) 
The concentration activities of the operation were accountable for the vast majority of 
electricity consumption at the case site (Figure 5.7).  The large emission factor for 
electricity consumption at the case site was responsible for the disproportionate share of 
energy consumed and emissions generated by the concentration activities of the operation 
(Figure 5.6).  In contrast, the energy requirements of mining activities were dominated by 
diesel fuel consumption which has a considerably lower emission factor compared to 
electricity at the case site.  Hence the disproportionate share of energy consumed and 
emissions generated by mining activities was attributable to the relatively low emission 
factor for diesel fuel. 
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 Figure 5.7: Energy Consumption by Operational Component and Fuel for the Case Site 
5.2.3.3. Energy and Emission Intensities of Production 
The energy and emission intensities of production express the required energy and 
associated emissions to generate one unit of refined metal product.  The determination of 
energy and emission intensities for deposits containing multiple products is complicated by 
the proportioning of energy and associated emissions from shared production processes 
to individual metals.  Common life cycle assessment methods for co-product allocation 
involve proportioning energy and emissions on the basis of the mass or economic value of 
recovered products (Norgate & Haque 2012).   
An allocation based on the mass of recovered products at the case site would result in 
almost the entire energy and emissions of production being proportioned to refined copper.  
This could not be justified as the development of the mineralised deposit would not have 
occurred based exclusively on copper production.  The decision to mine and the allocation 
of material to production processes was performed on the combined value of gold and 
copper content.  Hence, the proportioning of energy and emissions to individual metals 
should be performed on the basis of economic value (Table 5.4). 
Furthermore, the proportioning between co-products may be avoided entirely by stating 
energy and emission intensities of production in terms of the equivalent metal product 
generated.  The process is similar to an allocation performed by economic value except 
the total energy and emissions of production are not proportioned to individual metals, 
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instead they are distributed over total production expressed as the equivalent economic 
quantity of the metal of interest.  This approach is useful in providing a holistic metric 
where it is extremely difficult to separate the energy and emissions attributable to 
individual metallic products.  Table 5.4: Energy and Emission Intensities of Copper and Gold Production at the Case Site; Proportioned by Economic Value and Metal Equivalent Value 
Gold Quantity Energy Emissions TJ GJ/oz kt CO2e t CO2e/oz Gravity Recovered Gold (oz) 565,068 2,623 4.6 531 0.94 Concentrate Gold (oz) 3,202,050 18,337 5.7 3,560 1.11 Total Equivalent Gold (Aue oz) 5,209,335 28,536 5.5 5,562 1.07 Copper Quantity TJ GJ/t kt CO2e t CO2e/t Copper (t) 280,331 7,579 27.0 1,471 5.25 Total Equivalent Copper (Cue t) 1,012,565 28,536 28.2 5,562 5.49 
 
Comparisons of energy and emission intensities for refined copper and gold reported in 
the literature introduces difficulties that are complicated by the vast differences in the 
characteristics of mineralised deposits, the energy inputs employed, and the processing 
techniques and technologies analysed by each study.  Furthermore, the coverage of 
energy and emission accounting in life cycle analyses are often extend to incorporate the 
embodied energy and emissions of reagents and consumables used in production.  
Although the extended life cycle analyses can be extremely useful, the scope of the 
analyses performed in this thesis is confined to the consumption of direct energy inputs 
and the associated emissions for the operating components of the case site.   
The energy and emission intensities of gold and copper production reported in the 
literature has been compiled and presented in Table 5.5.  The results obtained for the case 
site tend toward the lower end of reported energy intensities and the higher end of 
reported emission intensities for the life cycle assessments of copper and gold.  This may 
be due to the exclusion of the embodied energy of reagents and consumables in the 
determination of the energy intensity of production in the analyses performed and the 
considerably large emission factor for electricity consumption at the case site.     
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Table 5.5: Reported Energy and Emission Intensities of Gold and Copper Production Product Energy Intensity (GJ/t Cu) Emission Intensity (t CO2e/t Cu) Ore Grade Reference Copper 36 3.3  Barakas (2009) 40 to 55 2.19 to 3.83  Hammond and Jones (2008) 45.9 0.63 (Mine & Mill) 1.8% Cu Norgate and Haque (2010) 29 to 42   Alvarado, Maldonado and Jaques (2002) 39 to 47   Ayres, Ayres and Rade (2002) 33 3.2 3% Cu Norgate, Jahanshahi and Rankin (2007) Product Energy Intensity (GJ/oz Au) Emission Intensity (t CO2e/oz Au) Ore Grade Reference Gold 6.3  0.6  3.5 g/t non-refractory ore by pyrometallurgy Norgate and Haque (2012) 9.6 0.9 3.5 g/t refractory ore by hydrometallurgy 
 
5.2.4. Economic Parameters for the Mining Operation 
The economic parameters obtained for the baseline assessment of the case site are 
presented in Table 5.6.  The proposed project has a positive NPV of $709M under the 
assumptions of the methodology and the input data employed.   Table 5.6: Economic Parameters for the Baseline Analysis of the Case Site  Economic Parameter Value ($M) Present Value Deposit $1,187.1 Present Value Capital Investment $478.3 Net Present Value Project $708.8 Total Operating Expenditure $1,470.3 Total Energy Expenditure $468.6 Total Operating Revenue $3,436.6 Total Operating Profits $1,966.3 
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The annual cash flow and cumulative net present value of the operation are depicted in 
Figure 5.8.  The largest positive annual cash flows occur towards the end of development 
of the deposit (years 10-11) where waste movement was lowest and the average grade of 
extracted ore was greatest (Figure 5.1).  The subsequent transition to the treatment of the 
stockpiled ore (years 13-14) contributed very little additional value to the operation but 
extended the duration of the operation. 
 Figure 5.8: Annual Cash Flow and Cumulative Net Present Value (NPV) for the Baseline Analysis of the Case Site 
 
5.2.4.1. Energy and Operating Costs 
The breakdown of operating costs for mining, concentrating and refining components of 
production and the associated energy costs are depicted in Figure 5.9.  The cost of energy 
inputs for production accounted for 32% of the total operating expenditure of the proposed 
project.  Electricity was the largest energy cost and concentration activities were the 
largest electricity user and component cost of the operation.  
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 Figure 5.9: Breakdown of Energy and Operating Costs for Production Components    
 
5.2.4.2. Project Sensitivity to Energy Prices 
The sensitivity of the project to a 10% flex in mining, concentration and refining base costs, 
component capacities and energy input prices is presented in Figure 5.10.   
 Figure 5.10: Sensitivity Analysis of Component Base Costs, Capacities and Energy Costs  
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The sensitivity analysis has shown that the NPV of the operation is more sensitive to 
fluctuations in the sale price of refined gold and copper.  The operation displayed 
significant sensitivity to the base costs and capacities of operational components but was 
found to be relatively insensitive to energy costs of production.  However, of all the energy 
inputs employed in production, a substantial increase in the price of electricity would 
considerably reduce the value of the operation.  
5.3. Concluding Remarks 
The current chapter established the cut-off grade policy and the baseline production 
parameters for the case site described in Chapter 4 employing the methodology detailed in 
Chapter 3.  The optimised cut-off grade policy generated an annual mining schedule very 
similar to the feasibility study.  The energy profile for production obtained by the baseline 
analysis was found to be consistent with the development of a low-grade deposit.  The 
majority of energy consumption and associated emissions released during production at 
the case site were attributable to electricity purchased from the Eastern Australian 
distribution network and utilised by concentration activities.  The sensitivity analysis 
revealed that although the operation is not particularly sensitive to fluctuations in energy 
prices, a substantial increase in the price of electricity would considerably reduce the value 
of the operation.  The results for improved energy-efficiency of operational equipment at 
the case site and how the introduction of emission pricing in Australia impacts the 
operation are discussed in the following chapter.      
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Chapter 6: Energy-Efficiency and Emission Pricing  
This chapter examines the production impacts of the case site with improved energy-
efficiency in mining and concentration activities and the introduction of emission pricing in 
Australia.  The production impacts were assessed as relative changes to the baseline 
analysis, presented in Chapter 5, as a result of modifications to the cost structure of the 
project and its effect on the optimised cut-off grade policy for the deposit.  The results have 
shown that substantial energy reductions were required to achieve comparatively small 
improvements in the present value of the project.  The introduction of emission pricing 
significantly reduced the value of the operation with negligible reductions to the energy 
consumption and associated emissions of production.  To offset the reduction in value 
from emission pricing, energy savings in excess of the current capabilities of the most 
energy-efficient technologies were required.  The following chapter examines pre-
concentration strategies as potential value-adding processes that reduce the energy and 
emission intensities of production.   
6.1. Context and Outline 
This chapter evaluates the production impacts from improved energy-efficiency and the 
introduction of emission pricing on the optimised development of the operation.  Section 
6.2 examines energy saving opportunities in the mining and concentration activities of the 
case site and discusses the results obtained.  The analysis of the production impacts 
associated with the introduction of emission pricing in Australia is described in Section 6.3.  
Concluding remarks regarding the impact of energy-efficiency and emission pricing on the 
optimised development of the case site are presented in Section 6.4. 
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6.2. Improvements in the Energy-Efficiency of Operations  
6.2.1. Identified Energy Saving Opportunities 
The production impacts of potential energy-efficiency improvements for the mining and 
concentration components of the case site were assessed using the identified energy 
savings from the Mining Industry Energy Bandwidth Study (United States Department of 
Energy 2007).  The research benchmarked the current energy requirements of coal, metal 
and mineral mining operations using the average energy consumption of equipment to 
perform a specific task.  The energy savings identified were classified as: 
• Best practice – the estimated energy savings that could be achieved through the 
adoption of the most energy-efficient equipment and technologies currently 
available. 
• Practical minimum – the estimated minimum energy requirements for current 
equipment that could be achieved through ongoing research and development.  
These energy savings are not currently available to the industry and require 
substantial time and resources to develop and deploy.   
The reported opportunities represent achievable energy savings for individual units of 
production equipment and do not include any potential cumulative savings resulting from 
enhanced energy-efficiency in upstream production processes (United States Department 
of Energy 2007).   
The study also incorporated substantial energy savings relating to inefficiencies in the 
generation, transmission and distribution of electricity consumed by equipment at site.  As 
a result, the study applied a net energy saving of 3.17GJ for every gigajoule of reduced 
electricity consumption at site (United States Department of Energy 2007).  Although this 
approach provided a holistic interpretation of the net energy savings resulting from 
reduced electricity consumption of mining equipment, it greatly overstates the actual 
reductions in electricity consumption and operating costs realised by the case site.  The 
scope of analyses performed in this thesis was confined to the consumption of direct 
energy inputs at an operation.  Hence, the values employed to examine the potential 
energy-efficiency improvements of mining and concentration activities at the case site, 
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presented in Table 6.1 and Figure 6.1, excluded energy savings from efficiency losses in 
the generation, transmission and distribution of purchased electricity.  Table 6.1: Potential Energy Savings at the Case Site (United States Department of Energy 2007)  Potential Energy Savings (Mining Bandwidth Study) Total Energy Consumption  of the Case Site (TJ) Equipment Best Practice Practical Minimum Current Energy Best Practice Practical Minimum Drilling 17% 44% 1,831 1,526 1,017 Blasting 23% 59% 446 342 185 Digging 17% 25% 372 310 279 Material Handling (Diesel) 33% 52% 5,374 3,588 2,562 Crushing 37% 47% 845 534 445 Grinding 15% 71% 14,284 12,138 4,145 Flotation 22% 33% 1,536 1,195 1,024 Tailings (Pumps) 10% 15% 1,229 1,106 1,044 Concentrator Services 11% 13% 307 273 267 
 
 Figure 6.1: Total Energy Consumption for the Development of the Case Site  
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6.2.2. Data for the Analysis of Potential Energy-Efficiency Improvements  
Tables 6.2 and 6.3 provide the input data for the evaluation of best practice and practical 
minimum energy-efficiency for mining and concentration activities at the case site.  The 
evaluation assumes that the existing operations of the case site represent the current 
energy requirements for metalliferous mining as reported by the Mining Industry Energy 
Bandwidth Study (United States Department of Energy 2007). Table 6.2: Input Data for the Evaluation of Improved Energy-Efficiency at the Case Site  Potential Energy Savings Unit Variable Energy Consumption  Parameter Best Practice Practical Minimum Current Energy Best Practice Practical Minimum Mining Energy Diesel Fuel - Drill & Blast (L/t rock) 17% 44% 0.1 0.08 0.06 Diesel Fuel - Haul (L/t rock) 33% 52% Refer to Table 6.3 Explosives - Ore (kg/t ore) 23% 59% 0.30 0.23 0.12 Explosives - Waste (kg/t waste) 23% 59% 0.27 0.21 0.11 Electricity - Dig & Load (kWh/t rock)  17% 25% 0.2 0.17 0.15 Concentration Energy Electricity (kWh/t ore)   23.8 19.9 9.1 Crushing 37% 47% 1.1 0.69 0.58 Grinding 15% 71% 18.6 15.8 5.4 Flotation & Regrind 22% 33% 2.0 1.56 1.34 Tailings (Pumps) 10% 15% 1.6 1.44 1.36 Concentrate Handling 11% 13% 0.1 0.09 0.09 Concentration Services 11% 13% 0.4 0.36 0.35 Stockpile Rehandling Energy Diesel Fuel - Haul (L/t ore) 33% 52% 0.08 0.05 0.04 Electricity - Dig & Load (kWh/t ore) 17% 25% 0.2 0.17 0.15  
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Table 6.3: Average Diesel Fuel Consumption for each Mining Increment of the Deposit with improved Energy-Efficiency at the Case Site Increment  1 2 3 4 5 6 7 8 9 10 11 12 Ore (L/t) Current  0.16 0.13 0.12 0.16 0.20 0.25 0.28 0.34 0.39 0.41 0.47 0.56 Best Practice 0.11 0.09 0.08 0.11 0.13 0.17 0.19 0.23 0.26 0.27 0.31 0.38 Practical Min 0.08 0.06 0.06 0.08 0.10 0.12 0.13 0.16 0.19 0.20 0.23 0.27 Waste (L/t) Current  0.13 0.21 0.18 0.24 0.30 0.37 0.42 0.48 0.55 0.57 0.62 0.68 Best Practice 0.09 0.14 0.12 0.16 0.20 0.25 0.28 0.32 0.37 0.38 0.42 0.46 Practical Min 0.06 0.10 0.09 0.12 0.14 0.18 0.20 0.23 0.26 0.27 0.30 0.33 
 
6.2.3. Results and Discussion for Improved Energy-Efficiency in Operations 
The production impacts and the energy and emission reductions achieved for best practice 
and practical minimum energy-efficiency opportunities at the case site are depicted in 
Figures 6.2 and 6.3 and Table 6.4.  The complete cut-off grade policy and annualised 
mining schedule for best practice and practical minimum energy-efficiency evaluations are 
provided in Tables E.3 to E.6 in Appendix E. 
 Figure 6.2: Relative Change in Production Parameters with Energy-Efficiency Improvements at the Case Site 
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Table 6.4: Absolute Change in Production Parameters for Energy-Efficiency Improvements Relative to the Baseline Assessment of the Case Site Parameter Relative Change from Baseline Analysis Best Practice Practical Minimum PV Project ($M) $32.6 $103.4 Total Product (Aue oz) 3,173 34,614 Total Ore (kt) 450 4,313 Stockpiled Ore (kt) 455 667 Total Waste Rock (kt) -450 -4,313 Life of Mine (yrs) 0.0 0.3 Total Energy (TJ) -5,292 -14,855 Total Emissions (kt CO2e) -887 -3,009 
 
 Figure 6.3: Total Material Allocations for the Development of the Deposit with Energy-Efficiency Improvements at the Case Site 
The energy savings at the case site reduced the unit cost of mining and concentration 
activities and the economic cut-off grades that could be applied to material extracted from 
the deposit.  However, the capacity constraints of the operational components and the 
global capacity constraint of the accumulated stockpile restricted the quantity of additional 
ore treated.  Despite a minimal increase in the treatment of low-grade, energy-intensive 
ore, substantial decreases in the energy consumption and associated emissions released 
during production were achieved.   
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The relative change in the present value (PV) of the project, presented in Figure 6.2 and 
Table 6.4, excludes any capital investment required to achieve best practice and practical 
minimum energy reductions at the case site.  They therefore overestimate the economic 
value of the energy-efficiency scenarios examined but provide an upper limit to the present 
value of total capital investment required to achieve best practice ($32.6M) and practical 
minimum ($103.4M) energy reductions at the operation.   
6.2.3.1. Sensitivity to the Price of Energy Inputs 
The maximum present value realised by the case site through improved energy-efficiency 
is dependent on the extent of the energy reductions achieved and the price of energy 
inputs.  Figure 6.4 displays a sensitivity analysis for the present value of the case site 
relative to a 25% variation in the price of energy inputs for best practice and practical 
minimum energy-efficiency.  The results show that operations with high energy prices 
stand to realise greater value for energy-efficiency improvements and could justify greater 
capital expenditure to obtain them.   
a) Best Practice b) Practical Minimum 
  Figure 6.4: Sensitivity Analysis of the Value of Energy-Efficiency Improvements Relative to the Price of Energy Inputs for the Case Site  
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The energy input prices for electricity and diesel fuel were shown to be the most sensitive 
energy inputs at the case site.  In 1996, the prices of electricity and diesel fuel for the 
operation were $54.80/MWh and $270/kL after allowances for the diesel fuel rebate.  
These prices were used for the analysis of energy-efficiency improvements at the case site 
and were assumed to remain constant over the duration of the operation.   
The price employed for electricity consumption at the case site could be considered 
excessive compared to the recent price history of wholesale electricity from the Eastern 
Australian distribution network prior to the introduction of emission pricing in July 2012 
(Figure 6.5).  Conversely, the price of diesel fuel at the case site could be considered 
extremely favourable compared to the recent wholesale price of diesel fuel after 
allowances for the diesel fuel rebate (Figure 6.6).  A high electricity price at the case site 
would overestimate the economic value of potential electricity savings while a low diesel 
fuel price would underestimate the economic value from diesel fuel savings at the 
operation.  Nonetheless, the introduction of emission pricing in July 2012 would raise the 
cost of energy inputs and increase the value of energy-efficiency opportunities for mining 
operations.  
 Figure 6.5: Nominal Wholesale Price of Electricity from the Eastern Australian Distribution Network (Australian Energy Market Operator 2012) 
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 Figure 6.6: Nominal Wholesale Price of Diesel Fuel in Australia (Australian Institute of Petroleum 2013; Gargett 2010) 
6.3. The Introduction of Emission Pricing in Australia 
6.3.1. The Clean Energy Act 2011 (Cth) 
On the 1st July 2012, the Clean Energy Act 2011 (Cth) introduced a price for greenhouse 
gas emissions released in Australia.  The emission price was fixed at $23/t carbon dioxide 
equivalent (CO2e) emissions for the first three years, increasing at 2.5% per annum plus 
inflation.  The fixed emission pricing period in Australia was scheduled to convert to an 
emission trading scheme (ETS) on the 1st July 2015.     
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published national greenhouse account emission factors for the stated quantity of each 
energy input (Department of Climate Change 2008b).   Table 6.5: Increase in the Price of Energy Inputs for the Australian Mining Industry under a $23/t CO2e Emission Price; All prices in 2012 AUD Energy Input  Mechanism for   Price Increase Quantity Emission Cost at $23/t CO2e % Increase in Input Price Explosives (ANFO) Emission Price  1 t  $ 4  <1%  Automotive Diesel Fuel  Reduced Rebate  1 KL  $ 62  6%* Natural Gas  Emission Price  1 GJ  $ 1  6-20%42 Electricity      Purchased Eastern Grid  Increased Price  1 MWh  $ 20  40%**  Gas Turbine Generator Emission Price  1 MWh  $ 11  22%**  Diesel Fuel Generator  Emission Price  1 MWh  $ 13  6%*  Black Coal Generator Emission Price  1 MWh  $ 24  48%**  Brown Coal Generator Emission Price  1 MWh  $ 25  50%**  * Percentages calculated with reference to a wholesale diesel fuel price of $1000/kL43 ** Percentages calculated with reference to a wholesale electricity price of $50/MWh44  
6.3.2. Input Data for the Analysis of Emission Pricing 
Modelling the production impacts of emission pricing on the development of the case site 
required the 2012 emission price to be introduced into the 1996 cost structure of the case 
site.  To ensure an accurate temporal comparison, the $23/t CO2e emission price was 
deflated to represent the equivalent cost in 1996 of $15.30/t CO2e using the Australian 
consumer price index (ABS 2013a).  The emission costs of energy inputs for the case site, 
deflated to 1996 values, are presented in Table 6.6.  The approach undertaken assumed a 
constant emission price and energy input price for the duration of the operation.   
                                            
42 The different percentages for the increased price of natural gas are dependent on the location of natural 
gas consumption.  The wholesale price of natural gas prior to the introduction of emission pricing was 
approximately $4/GJ for Eastern Australia (AEMO 2012) and $15/GJ for Western Australia (ACIL Tasman 
2011a). 43 The average wholesale price of diesel fuel during 1st July 2004 to 30th June 2012, after allowances for the 
diesel fuel rebate, was approximately $1000/kL (AIP 2013). 
44 The average real wholesale price of electricity from the Eastern Australian electricity distribution network 
during the period 1st July 1989 to 30th June 2012 was approximately $50/MWh (AEMO 2012). 
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The emission cost for natural gas was not included in the analysis as the consumption of 
natural gas only occurred during refining activities located outside of Australia and is 
therefore exempt (Clean Energy Act 2011 (Cth)).   Table 6.6: Increased Price of Energy Inputs using the Deflated Emission Cost for the Case Site  Energy Input Initial Energy Price Emission Cost at $23/t CO2e; (Deflated to 1996) Energy Price Including Emission Charge Diesel Fuel $270/kL $41/kL $311/kL Electricity $54.80/MWh $13.30/MWh $68.10/MWh Natural Gas $9.81/GJ N/A; Outside Australia $9.81/GJ Explosive $780/t Heavy ANFO $3/t Heavy ANFO $783/t Heavy ANFO 
6.3.3. Emission Pricing Results and Discussion 
The relative change to production parameters and total material movement at the case site 
as a result of a fixed $23/t CO2e emission price, deflated to 1996, are presented in Figure 
6.7 and Table 6.7.  The complete cut-off grade policy and annualised allocation of material 
with the introduction of emission pricing are provided in Tables B.7 and B.8 in Appendix B. 
a) Relative Change in Production Parameters b) Total Material Allocations 
  Figure 6.7: Relative Change in Production Parameters and Total Material Allocations at the Case Site with the Introduction of Emission Pricing in Australia  
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Table 6.7: Absolute Change in Production Parameters at the Case Site with the Introduction of Emission Pricing in Australia Parameter Change from Baseline NPV Project ($M) -$42.4M Total Product (Aue oz) -63,703 Total Ore (kt) -7,201 Stockpiled Ore (kt) -7,184 Total Waste Rock (kt) 7,201 Life of Mine (yrs) -0.4 Total Energy (TJ) -680 Total Emissions (kt CO2e) -162 
 
The results have shown that the introduction of emission pricing in Australia reduced the 
present value of the case site by $42.4M (-6.0%) with minor reductions in total energy 
consumption (-2.4%) and associated emissions released (-2.9%) during the development 
of the deposit.  The increased costs of energy inputs raised the minimum economic cut-off 
grades applied to mining, stockpiling and concentration activities.  The most notable effect 
was a considerable reduction in the quantity of intermediate grade ore stockpiled and 
treated over the life of the operation (-16.9%).  This resulted in a relatively small decline in 
the total product generated from the deposit (-1.2%) and shortened the life of the operation 
(-3.1%).     
6.3.3.1. Required Energy Reductions to Offset the Introduction of Emission Pricing 
The energy reductions required for mining and concentration activities to offset the 
production impact from the introduction of emission pricing in Australia are presented in 
Figure 6.8.  All energy reductions depicted exclude the capital investments required to 
achieve the indicated energy savings. The capital investments are likely to be considerable 
and would further increase the required energy reductions to offset the production impacts 
from emission pricing.  Hence the energy reductions depicted in Figure 6.8 underestimate 
the actual energy savings required at the case site. 
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 Figure 6.8: Required Energy Reduction for Mining and Concentration Activities of the Case Site to Offset a Fixed Emission Charge of $23/t CO2e (adjusted for inflation) 
The results reveal that independent energy reductions in excess of 25% of the energy 
consumption of concentration activities and 100% of the energy consumption of mining 
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concentrating activities to offset emission pricing at the case site is due to the differences 
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energy reduction in mining activities.      
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required energy reduction for mining activities may be reduced, while the required energy 
reduction for concentration activities is likely to increase.   Table 6.8: Energy Costs, Operating Costs and Revenue for the Development of the Deposit with Emission Pricing and Energy Reductions ($ Millions)   Baseline Analysis Emission Pricing at $23/t CO2e (deflated to 1996) No Energy Reduction 25% Reduction Mining Energy 25% Reduction Con. Energy Mining Diesel Fuel $49.5 $57.0 $42.7 $57.0 Mining Electricity $5.2 $6.5 $4.8 $6.5 Mining Explosives $105.4 $105.8 $79.4 $105.8 Total Mining Costs $517.9 $524.8 $511.8 $524.8 Concentrating Electricity $278.2 $334.0 $334.7 $260.0 Total Concentration Costs $871.0 $897.8 $899.3 $857.6 Total Operating Costs $1,470.3 $1,490.5 $1,479.5 $1,464.5 Total Operating Revenue $3,436.6 $3,387.5 $3,389.7 $3,432.8 
 
6.4. Concluding Remarks 
The value of energy-efficiency improvements and the impact of emission pricing for a 
mining operation are dependent on the quantity, price and emission intensity of energy 
inputs employed in production.  Although energy-efficiency was shown to increase the 
economic value of an operation, the current best practice energy-efficiency achievable by 
the industry resulted in a relatively minor improvement to the maximum present value of 
the case site ($32.6M) considering it excludes all capital investment required for 
implementation.  The operations of the case site should focus on energy-efficiency 
opportunities for concentration activities which yield substantially higher returns compared 
to energy-efficiency opportunities in mining activities.  The present value of energy savings 
increased with rising energy prices and would further increase with the introduction of 
emission pricing in Australia.   
The introduction of emission pricing in Australia at a fixed price of $23/t CO2e emissions 
significantly decreased the value of the case site (-$42.2M) with negligible reductions in 
total energy consumption (-2.4%) and emissions generated (-2.9%) during the 
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development of the deposit.  The energy reductions required to offset the production 
impacts from the introduction of emission pricing exceeds the capabilities of the most 
energy efficient technologies currently available to the industry.  The magnitude of 
potential energy reductions that could be achieved with practical minimum energy 
consumption is considerable but will require many years and resources before suitable 
technologies can be developed and deployed throughout the industry.   
The combined impact from emission pricing for corporations holding a portfolio of mining 
projects in Australia is likely to be substantial.  If improved energy-efficiency is unable to 
provide the necessary value to offset emission charges, cost savings may have to target 
reductions in labour, maintenance and supplies.  Alternatively, additional value may be 
obtained through changes in the current operating strategies of the industry.  
The following chapter discusses pre-concentration strategies that may be incorporated into 
new and existing projects to potentially increase the value of operations and reduce 
energy and emissions associated with production.   
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Chapter 7: Pre-Concentration Strategies  
The current chapter presents the analyses for the incorporation of pre-concentration 
strategies within the existing operations of the case site.  The pre-concentration strategies 
were examined as possible techniques to improve the energy and emission intensity of 
production and the value of the operation.  The analyses measured the production impacts 
of pre-concentration strategies relative to the baseline analysis of the case site described 
in Chapter 5, employing the methodology of Chapter 3 and the case site data of Chapter 4.  
The results have found that optimised pre-concentration strategies could substantially 
improve the value of the operation and significantly reduce the energy and emission 
intensity of the product generated.  The most valuable pre-concentration strategy was 
shown to minimise or eliminated the rehandling requirements of pre-concentrated material.  
Important findings regarding the optimisation of pre-concentration strategies, the 
interaction of pre-concentration with the component capacities of an operation, and the 
effect pre-concentration may have on stockpiling are also discussed.     
7.1. Context and Outline 
The current chapter examines the incorporation of pre-concentration strategies at the 
existing operations of the case site to assess potential reductions in the energy and 
emission intensities of production and the magnitude of potential improvements to the 
value of the operation.  In the context of this thesis, pre-concentration refers to a discrete 
treatment destination that removes gangue from ore, or recovers product from waste, prior 
to the treatment of pre-concentrated ore at the concentrator.  The allocation of material to 
pre-concentration and the subsequent treatment of upgraded ore should endeavour to 
maximise the present value of the deposit.   
Pre-concentration significantly alters the economics of the operation and the minimum 
attributes of extracted material that may be allocated to treatment.  Furthermore, the 
allocation of material to pre-concentration introduces complexity in the interactions of 
operational components that influence the time required to treat a unit of the resource.  
Therefore, the inclusion of pre-concentration modifies the optimum cut-off grade policy 
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applied to the development of the deposit, the resultant energy and emissions of 
production and the value of the operation.     
The calculation of economic cut-off grades for pre-concentration and the incorporation of 
pre-concentration within the determination of the optimum cut-off grade policy is described 
in Sections 7.2 and 7.3.  The pre-concentration scenarios analysed and their findings are 
discussed in Section 7.4 with concluding remarks provided in Section 7.5.      
7.2. Economic Cut-Off Grades for Pre-Concentration 
The inclusion of pre-concentration as a discrete processing location for extracted 
resources introduces two additional economic cut-off grades and many potential balancing 
cut-off grades.  The first economic cut-off grade determines the minimum attributes that a 
unit of material must possess to warrant treatment by pre-concentration.  The second 
economic cut-off grade determined the crossover point between pre-concentration and the 
allocation of ore directly to the concentrator.  These economic cut-off grades may take four 
forms depending on the operational capacity that is limiting the development of the 
deposit; mining, pre-concentration, concentrator or refining/marketing capacity constraints.   
The calculation of the two additional economic cut-off grades with pre-concentration 
requires determination of the following performance parameters:  
• The mass recovery of pre-concentration (μ).  Subsequent treatment costs for pre-
concentrated ore were incurred on the mass fraction recovered by pre-concentration.   
• The product recovery of pre-concentration (ρpc).  Revenue generated by material 
treated through pre-concentration was directly correlated to the quantity of product 
recovered by pre-concentration.   
• The unit cost of pre-concentration (pc).  The cost of allocating one tonne of material 
to pre-concentration inclusive of any preparation and rehandling costs for pre-
concentrated material. 
The minimum economic cut-off grade between pre-concentration and waste [g(β)m, g(β)pc, g(β)c, g(β)r] and the economic crossover cut-off grade between pre-concentration and the 
allocation of ore directly to the processing plant [g(X)m, g(X)pc, g(X)c, g(X)r] are derived in 
Appendix B and presented in Equations 7.1 to 7.8.  These equations were formulated 
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under the assumption that upgraded ore from pre-concentration has an identical cost, 
throughput and recovery at the concentrator compared to direct feed from the mine 
(Section 7.3.1).   The economic cut-off grade between pre-concentration and waste is: 
Mining Constraint 𝑔(𝛽)𝑚 = 𝑝𝑐 + 𝜇. 𝑐(𝑃 − 𝑟). 𝜌𝑐 . 𝜌𝑝𝑐  Eqn.  7.1 Pre-Concentration Constraint 𝑔(𝛽)𝑝𝑐 = 𝑝𝑐 + 𝜇. 𝑐 + (𝑓 + 𝐹)𝑃𝐶(𝑃 − 𝑟). 𝜌𝑐 . 𝜌𝑝𝑐  Eqn.  7.2 
Concentrator Constraint 𝑔(𝛽)𝑐 = 𝑝𝑐 + 𝜇. �𝑐 + (𝑓 + 𝐹)𝐶 �(𝑃 − 𝑟). 𝜌𝑐 . 𝜌𝑝𝑐  Eqn.  7.3 Refining/Marketing Constraint 𝑔(𝛽)𝑟 = 𝑝𝑐 + 𝜇. 𝑐�(𝑃 − 𝑟) − (𝑓 + 𝐹)𝑅 � . 𝜌𝑐 . 𝜌𝑝𝑐  Eqn.  7.4 The economic crossover cut-off grade between pre-concentration and the concentrator is: 
Mining Constraint 𝑔(𝑋)𝑚 = 𝑝𝑐 + 𝑐. (𝜇 − 1)(𝑃 − 𝑟). 𝜌𝑐 . (𝜌𝑝𝑐 − 1) Eqn.  7.5 Pre-Concentration Constraint 𝑔(𝑋)𝑝𝑐 = 𝑝𝑐 + 𝑐. (𝜇 − 1) + (𝑓 + 𝐹)𝑃𝐶(𝑃 − 𝑟). 𝜌𝑐 . �𝜌𝑝𝑐 − 1�  Eqn.  7.6 
Concentrator Constraint 𝑔(𝑋)𝑐 = 𝑝𝑐 + (𝜇 − 1). �𝑐 + (𝑓 + 𝐹)𝐶 �(𝑃 − 𝑟). 𝜌𝑐 . �𝜌𝑝𝑐 − 1�  Eqn.  7.7 Refining/Marketing Constraint 𝑔(𝑋)𝑟 = 𝑝𝑐 + 𝑐. (𝜇 − 1)�(𝑃 − 𝑟) − (𝑓 + 𝐹)𝑅 � . 𝜌𝑐 . (𝜌𝑝𝑐 − 1) Eqn.  7.8 Where:  g(β)m,pc,c,r = The minimum economic cut-off grade for pre-concentration under a mining (m), pre-concentration (pc), concentrator (c) or refining (r) constraint  pc = The average variable cost of pre-concentrating one tonne of material c = The average variable cost of concentrating one tonne of material 
μ = The mass recovery from pre-concentrating one tonne of material f = The annual fixed cost of the operation 
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PC = The capacity of pre-concentration in a given year C = The capacity of the concentrator in a given year R = The capacity of refining/marketing product in a given year P = The sale price of one unit of refined metal product r = The average variable cost of refining one unit of product 
ρpc = The product recovery of pre-concentration  
ρc = The product recovery at the concentrator  g(X)m,pc,c,r = The economic crossover cut-off grade between pre-concentration and the processing plant under a mining (m), pre-concentration (pc), concentrator (c) or refining (r) constraint 
 
A number of important observations may be drawn from the equations for the economic 
cut-off grades involving pre-concentration.  Firstly, the unit cost and the mass recovery of 
pre-concentration determine the magnitude of potential cost savings at the processing 
plant and the maximum unit cost for the inclusion of pre-concentration at the operation.  
Cost savings are achieved when the cost of pre-concentration and the subsequent 
treatment cost of pre-concentrated ore remain below the cost of allocating the material 
directly to the processing plant (i.e. [pc+(c×μ)]<c).  In the absence of any cost saving for 
the pre-concentration of a unit of the resource, enhancements to the throughput of 
upgraded ore combined with a concentrator constraint or increased recovery at the 
processing plant must yield sufficient economic incentives to warrant the inclusion of pre-
concentration at the operation. 
Secondly, the additional metallurgical product recovery experienced by material treated 
through pre-concentration penalises the pre-concentration of high-grade material.  The 
penalty weakens with increasing product recovery during pre-concentration, permitting a 
broader grade range of material to be preferentially treated through pre-concentration.  It is 
possible that this range extends beyond the highest grade material contained within the 
deposit, in which case the allocation of high grade material to pre-concentration would be 
subject to the maximisation of the present value of the deposit under the constraints of 
operational components.  Nonetheless, as long as pre-concentration incurs a less than 
perfect metallurgical recovery (i.e. ρc×ρpc<ρc), an economic crossover cut-off grade exists 
and the preferential pre-concentration of material above the crossover cut-off grade may 
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only be justified with throughput enhancements of upgraded ore combined with a 
concentrator constraint or increased recovery of upgraded ore at the processing plant.   
7.3. Pre-Concentration and the Optimum Cut-Off Grade Policy 
In addition to the extra economic cut-off grades associated with pre-concentration, the 
optimum cut-off grade policy must also consider three new balancing cut-off grades 
between the pre-concentration capacity and mining, concentrator and refining capacities.  
Furthermore, there are now numerous combinations of cut-off grades that may be applied 
to direct feed and pre-concentration to balance the capacities of any permutation of 
operational components.  Any one of Lane’s existing economic cut-off grades may also be 
a candidate for the optimal cut-off grade applied to ore sent directly to the concentrator 
(Appendix B).  The increased complexity of the operation may no longer be solved with a 
single cut-off grade and a multi-dimensional analysis of cut-off grades to direct feed and 
pre-concentration is required to find the optimum cut-off grades for a unit of the resource.    
The methodology detailed in Chapter 3 determined the optimum cut-off grade by 
assessing all possible combinations of cut-off grade to direct feed and pre-concentration to 
find the maximum rate of change in the present value of the deposit with the consumption 
of the next unit of the resource.  Although this method is computationally intensive, it 
guarantees that the optimum combination of cut-off grades corresponding to the global 
maximum rate of change in present value will be found.  There are many studies in the 
literature that have applied more sophisticated search methods to the optimisation of 
multidimensional cut-off grades for individual metals in multiple metal deposits (Ataei & 
Osanloo 2003, 2004; Cetin & Dowd 2002, 2013).  The use of these search methods 
reduced the number of calculations with the population to find the probable global optimum 
solution.  These search methods will therefore increase in importance as even greater 
system complexity and treatment interactions are modelled within an operation, including 
multiple pre-concentration pathways and multiple treatment destinations for pre-
concentrated material.  The investigation of more sophisticated search methods for the 
optimisation of pre-concentration strategies, including the grid search method and genetic 
algorithms, is a recommendation for further research.   
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7.3.1. Pre-Concentration Assumptions  
The following assumptions were made to remove excessive complexity during the 
examination of pre-concentration strategies by the methodology of this thesis. 
The Physical Characteristics of Pre-Concentrated Ore 
The pre-concentration of material often results in modification to the size distribution, 
impact hardness and grinding resistance of ore presented to the processing plant.  These 
physical modifications may increase throughput, improve recovery, decrease operating 
costs and reduce the energy requirements for the subsequent treatment of pre-
concentrated ore (Bamber 2008; Currasco-Tapia 2013).  It is acknowledged that improved 
processing performance would significantly alter the economics, cut-off grades and 
operational strategies for pre-concentration; however estimating the improved 
performance parameters of the processing plant was beyond the scope of this thesis and 
is a recommendation for further research.  Therefore, throughput, recovery, operating 
costs and energy consumption for the concentration of pre-concentrated ore was assumed 
to be identical to those applied to ore sent directly to the processing plant.        
Pre-Concentration Strategies, Optimised Pit Design and Scheduling 
Effective pre-concentration strategies lower the minimum economic cut-off grade that may 
be used for the classification of ore, increasing the quantity of reserves within the deposit 
and the potential boundaries of the deposit (Claringbull & Mora 1985).  Hence, pre-
concentration strategies may result in substantial alterations to the scheduling of material 
and the design of the ultimate pit.  However, potential modifications to scheduling and pit 
optimisation were not examined during this thesis as insufficient information was available 
for modelling of the deposit.   
Pre-Concentration Product Recoveries for Multiple Metals 
The analyses of pre-concentration strategies examined in this thesis assume an equal 
product recovery for the pre-concentration response of copper and gold extracted from the 
deposit.  It should be acknowledged that the product recoveries for the pre-concentration 
of mineralised deposits containing multiple metals of commercial value may differ 
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significantly.  In these instances, the revenue generated by the pre-concentration of each 
metal must be examined independently and may be used to adjust the equivalent grade of 
extracted resources for allocation decisions relating to pre-concentration.  Alternatively, the 
use of cash flow grades for the allocation of material to available processing destinations 
could be used as the basis of the allocation decisions (King 1999, 2001).   
Variability in the Pre-Concentration Response of Extracted Material 
The pre-concentration response of extracted material is likely to be related to the 
properties of the mineralisation, lithology, and alteration associated with resources 
contained within the deposit (Bowman & Bearman 2014; Burns & Grimes 1986; Currasco-
Tapia 2013).  As such, the pre-concentration response of extracted material will potentially 
vary within geometallurgical domains of the deposit.  For the purpose of demonstrating the 
methodology of this thesis, the analyses for pre-concentration strategies assume a 
constant pre-concentration response across all material extracted from the deposit. 
Pre-Concentration for the Stockpiling of Intermediate Grade Ore 
It was an assumption of the methodology employed by this thesis that stockpiled ore could 
not be treated through pre-concentration.  The extension of the methodology to examine 
the pre-concentration of stockpiled ore could reduce the cut-off grade applied to allocate 
intermediate grade ore to a stockpile or reduce the global capacity constraint for the 
accumulated stockpile by pre-concentrating intermediate grade ore prior to stockpiling.  
These strategies would require evaluation of the present costs and future revenues to 
determine an optimal stockpiling policy incorporating treatment through pre-concentration 
and remains an area of recommendation for future research.   
7.4. Analyses of Potential Pre-Concentration Strategies for the Case Site 
The following scenarios examined the production impacts of pre-concentration strategies 
for selective blasting and screening (Section 2.7.1) within the existing operations of the 
case site.  The scenarios were designed to highlight the interactions that pre-concentration 
strategies can have on operational components, competing treatment destinations and the 
optimal cut-off grade policy for the deposit.  All scenarios utilised an identical pre-
concentration capacity (15Mt p.a) and performance (75% product recovery in 40% of the 
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mass), which could be considered conservative given the reported upgrade factors of 2-
2.5 achieved by selective blasting during site trials (Tordoir & Bye 2012).     
The pre-concentration scenarios examined are detailed in the following section.  Section 
7.4.2 provides a summary of the input parameters and accompanying assumptions for the 
analyses. Section 7.4.3 presents the results and Section 7.4.4 discusses the significance 
of the findings. 
7.4.1.   Pre-Concentration Scenarios 
Scenario 1: Pre-Concentration at the Plant, Rehandle Waste with Existing Mining Fleet 
Pre-concentration screening facilities were located at the processing plant.  The pre-
concentrated waste was rehandled using existing trucks and a newly acquired loader and 
the upgraded ore was conveyed a short distance to the primary crusher for treatment 
through the existing concentration circuit.  The capital costs associated with the 
implementation of this strategy were very low and the pre-concentration base cost45 was 
dominated by the rehandling costs of pre-concentrated waste.   
Scenario 2: Pre-Concentration at the Dump, Rehandle Ore with Existing Mining Fleet 
The second scenario moved the location of the pre-concentration facilities to the waste 
dump and rehandled the upgraded ore with the existing mining fleet and a newly acquired 
loader.  Pre-concentrated waste was conveyed up to a kilometre and stacked with a newly 
purchased conveyor stacker.  The capital costs of this pre-concentration strategy were the 
most significant of the scenarios examined and the operating costs remained heavily 
influenced by the cost of rehandling pre-concentrated ore.   
Scenario 3: Pre-Concentration at the at the Mine Face     
The third scenario moved the location of pre-concentration screening to the mining face of 
the deposit.  Two mobile screening plants powered by portable diesel generators were 
capable of screening material extracted by selective blasting at the mine face.  Two 
                                            
45 The base cost of a production component was defined by the methodology as the unit-variable, 
operational cost excluding all energy and emission charges. 
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additional loaders were purchased to load the pre-concentrated ore and waste into existing 
trucks to be transported to the concentrator or waste dump.  This strategy effectively 
eliminates the rehandling of extracted material between the pre-concentration facilities and 
the treatment or storage destination of pre-concentrated ore and waste.  The pre-
concentration base cost was dominated by the additional loading charge for pre-
concentrated ore and waste.  
7.4.2. Input Data for Pre-Concentration Scenarios 
The performance parameters for pre-concentration by selective blasting was constant 
across all scenarios examined and are presented in Table 7.1.  Capital and operating 
costs for each scenario were estimated from the Australian Mine and Mill Equipment Cost 
Database (R2Mining 2013) and have been deflated to represent the equivalent cost in 
1996 using the Australian consumer price index (ABS 2013a).  Deflation of the 2013 costs 
was necessary to accurately introduce the pre-concentration scenarios within the 1996 
cost structure of the case site.  A summary of the capital costs, unit base costs and energy 
requirements for the pre-concentration scenarios are presented in Table 7.2.  The full 
costing for each scenario has been provided in Tables F.1 to F.3 in Appendix F. Table 7.1: Pre-Concentration Performance Parameters for the Examination of All Scenarios Parameter Value 
Product Recovery (ρpc) 75% Mass Recovery (μ) 40% Maximum Capacity p.a. (PC) 15 Mt  Table 7.2: Pre-Concentration Parameters for the Examination of Specific Scenarios 
Scenario Capital ($M) Base Cost ($/t) 
Additional Energy Inputs (/t PC ore) Total PC unit Cost ($/t) Rehandling Requirement (% PC material) Electricity (kWh/t) Diesel Fuel (L/t) Explosives (kg/t) 1 $4.26 $0.46 0.01 0.17 0.03 $0.53 60% 2 $13.83 $0.45 0.15 0.11 0.03 $0.51 40% 3 $8.38 $0.48 0 0.24 0.03 $0.57 0% 
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Input Assumptions 
• High-value, upgraded ore was allocated to the processing plant and treated by the 
pre-existing circuit without modification.   
• Low-value, pre-concentrated material was allocated to waste.  No mining increment 
generated low-value, pre-concentrated material at a sufficient average grade that 
would warrant the material being allocated to the stockpile.   
• Gold and copper behaved identically during pre-concentration 
• The pre-concentration response was constant across all extracted material 
• Material to be stockpiled was not pre-concentrated. 
7.4.3. Results from Pre-Concentration Scenarios 
The results for the pre-concentration scenarios examined are presented in Figure 7.1 and 
Table 7.3.  The complete cut-off grade policies and annualised mining schedules for the 
pre-concentration scenarios are provided in Tables E.9 to E.14 in Appendix E. Table 7.3: Absolute Change in Production Parameters for Pre-Concentration Scenarios  Parameter Base Case Scenario 1 Scenario 2 Scenario 3 NPV Project ($M) $708.8 $775.2 $781.2 $806.6 NPV Scenario ($M)  $66.4 $72.4 $97.8 Avg. Annual Production (Aue oz) 379,200 418,500 426,200 447,700 Total Production (Aue Moz) 5.21 5.22 5.21 5.08 Total Material Treated (Mt) 213.4 222.7 225.6 214.6 Total Ore to Plant (Mt) 213.4 184.0 179.6 165.3 Avg. Grade to Plant (Aue g/t) 0.98 1.13 1.16 1.23 Total Stockpiled Ore (Mt) 42.5 0 0 0 Total Waste Rock (Mt) 261.1 290.5 294.8 309.2 Life of Mine (years) 13.7 12.5 12.2 11.4 Avg. Annual Energy (PJ p.a.) 2.08 2.13 2.13 2.23 Avg. Energy Intensity (GJ/oz Aue) 5.48 5.08 5.00 4.99 Avg. Annual Emissions (kt CO2e p.a.) 405 398 399 405 Avg. Emission Intensity (t CO2e/oz Aue) 1.07 0.95 0.94 0.90 
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 Figure 7.1: Relative Change in Production Parameters for Pre-Concentration Scenarios  
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The results demonstrate that the inclusion of pre-concentration facilities within the existing 
operations of the case site: 
• Improved the value of the operation, especially if the rehandling requirements of pre-
concentrated material is minimised or eliminated through the location of the pre-
concentration facilities.    
• Increased the average annual production but may decrease or have little impact on 
the total product recovered within the predefined boundaries of the ultimate pit.   
• Increased the total material treated and therefore increased the total reserves 
contained within the predefined limits of the deposit.   
• Increased the average head grade and reduced the total tonnage of ore treated at 
the processing plant. 
• Eliminated the need to stockpile intermediate grade ore for deferred treatment. 
• Increased the quantity of waste rock generated from the development of the deposit 
and reduced the quantity of tailings produced at the processing plant. 
• Reduced the life of the mining operation as a result of an increase in the effective 
treatment rate of extracted material contained within the predefined deposit through 
pre-concentration and direct feed.   
• Increased the average annual energy consumption but reduced the average energy 
intensity of production. 
• Reduced the average annual emissions generated by drastically changing the 
energy mix of the operation and reduced the emission intensity of production.     
The summary of total material allocations for the scenarios examined is presented in 
Figure 7.2.  The results indicate greater utilisation of extracted resources with the inclusion 
of pre-concentration and suggest that pre-concentration activities compete with the 
concentrator and stockpiles for the preferential treatment of intermediate grade ore.  
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 Figure 7.2: Total Material Allocations for the Development of the Deposit under the               Pre-Concentration Scenarios  
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1985).  Any possible extension of the ultimate pit as a result of pre-concentration remains 
dependent on the nature of the mineralisation within the region.  Nonetheless, it should be 
acknowledged that an increase in the effective treatment capacity of an operation as a 
result of pre-concentration may reduce life of a mining operation.   
7.4.4.2. Rehandling Requirements for Pre-Concentrated Material 
The rehandling requirements of pre-concentration increased the time required by the 
mining component to transport and rehandle pre-concentrated material to treatment and 
storage destinations.  This effectively reduced the rate of development of the deposit.  The 
effective reduction in the rate of extraction of resources from the deposit is proportional to 
the quantity of pre-concentrated material that required rehandling and dependent on the 
location and mass recovery of upgraded ore associated with pre-concentration.  Of the 
scenarios examined, pre-concentration locations that minimised (Scenario 2) or eliminated 
(Scenario 3) the rehandling requirements for pre-concentrated material generated greater 
value for the operation.  However, the optimal location of pre-concentration facilities will be 
dependent on the mass recovery, capital and operating costs associated with pre-
concentration, as well as any limitations that the location may impose on production.     
7.4.4.3. Pre-Concentration Performance and Alternative Processing Pathways 
Pre-concentration competed with stockpiling and the processing plant for the preferential 
treatment of intermediate grade ore.  The pre-concentration of intermediate grade ore 
generated instant revenue through the immediate treatment of ore that would otherwise 
have been stockpiled and deferred for treatment at a later date.  This was shown to 
improve the cash flow and present value of the operation.  Furthermore, the optimal cut-off 
grade policy applied to the pre-concentration of intermediate grade ore eliminated the 
need to stockpile ore in the scenarios examined.  However, stockpiling intermediate grade 
ore may still be a viable action at the case site if it were treated through pre-concentration 
at the time of extraction or upon rehandling and treatment and remains a recommendation 
for future work.         
The treatment of high grade ore was shown to be favoured as direct feed to the 
concentrator for the scenarios examined.  This was primarily a result of the additional 
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metallurgical recovery applied to material processed through pre-concentration which 
penalised the treatment of high grade ore.  Furthermore, the capacity and mass recovery 
of pre-concentration activities meant there were limited opportunities to completely fill the 
concentrator with upgraded ore.  This resulted in the optimal cut-off grade policy allocating 
high grade ore as direct feed and pre-concentrating the intermediate grade ore to 
maximise the metal recovered within the constraints of the operation.   
7.4.4.4. Pre-Concentration Strategies, Energy and Emissions 
The pre-concentration strategies were able to achieve substantial reductions in the total 
quantity of ore delivered to the processing plant for energy-intensive grinding.  This 
significantly reduced the total energy consumption of the deposit.  The additional energy 
requirements associated with pre-concentration activities increased the annual energy 
consumption of the operation but changes to the ultimate mix of energy inputs result in a 
marginal reduction to the annual emissions generated from production.  Overall pre-
concentration strategies were shown to deliver a higher grade and a reduced mass to the 
concentrator resulting in significant reductions to the energy and emission intensities of 
copper and gold production from the deposit.    
7.5. Concluding Remarks 
This chapter examined pre-concentration as a potential technique to reduce the energy 
and emission intensity of the case site and to increase the value of the operation.  The 
inclusion of pre-concentration complicates the determination of an optimal cut-off grade 
policy for the deposit by introducing additional cut-off grades and a multidimensional cut-
off grade optimisation.  Excessive complexity for the determination of the optimal cut-off 
grade policy for the pre-concentration of the deposit was reduced through a number of key 
assumptions that provide opportunities for further work.   
The incorporation of pre-concentration within the existing operations of the case study site 
reduced the energy and emission intensity of production and significantly increased the 
value of the operation.  Pre-concentration increased the available treatment capacity of the 
operation in proportion with the quantity of gangue removed during the process.  The most 
valuable pre-concentration strategy minimised the rehandling requirements of pre-
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concentration activities by locating pre-concentration facilities at the mine face.  Maximum 
value from the increased treatment rate awarded by pre-concentration would be realised 
by operations where production is limited by the material handling of ore or treatment at 
the concentrator.  Conversely, limited value may be realised by operations that are 
restricted by the rate of extraction of the deposit or the quantity of product that can be 
generated during any period of time.   
The rehandling requirements for pre-concentrated material significantly influenced the 
capital and operating costs for inclusion of pre-concentration by selective blasting and 
screening at the case site.  The rehandling of pre-concentrated material may reduce the 
rate of development of the deposit by increasing the time required by the mining fleet to 
transport and rehandle pre-concentrated material to treatment and storage facilities.  The 
selection of a suitable location to minimise the rehandling impacts of pre-concentrated 
material may maximise the returns from pre-concentration subject to the capital 
requirements and any operational constraints the location may place on production.   
Pre-concentration competed with the processing plant and stockpile for the preferential 
treatment of intermediate grade ore in the scenarios examined.  Pre-concentration 
permitted the immediate treatment of ore that would otherwise be stockpiled, realising 
earlier revenues and reducing costs associated with stockpiling.  However, the additional 
metallurgical recovery applied to material processed through pre-concentration penalised 
the treatment of high grade ore that would realise greater value for the operation if 
allocated directly to the plant.    
The pre-concentration strategies examined sought to maximise the present value of an 
existing operation under predefined operational constraints.  The examination of pre-
concentration strategies during the evaluation of greenfield projects would permit the 
simultaneous optimisation of production capacities and treatment facilitates.  This may 
further increase the value of a project and alter the preferences of projects to be 
undertaken by the company. 
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Chapter 8: Conclusions and Recommendations  
The current chapter presents the conclusions and recommendations for future work that 
resulted from the research of this thesis. 
8.1. Research Summary 
This thesis evaluated the potential impact of improved energy-efficiency, the introduction 
of emission pricing and the inclusion of pre-concentration strategies on the economics, 
energy consumption and associated emissions for the optimised development of a low-
grade, gold-copper deposit.  The research presents a novel examination of the optimum 
cut-off grade policy for the development of a deposit as a means of assessing the energy, 
emissions and economics of metalliferous production.  The methodology extends the 
developments of previous research to model the complexities of pre-concentration 
strategies for the optimisation of the cut-off grade policy to maximise the present value of 
resource use at the case site.   
The operation portrayed in this thesis underwent substantial modification prior to 
construction and the data obtained from the feasibility study was manipulated to satisfy the 
input requirements of the methodology.  Hence, the case site examined is a representation 
of a potential project for the development of the deposit and is satisfactory for the purpose 
of demonstrating the methodology of this thesis.  
The results from the baseline assessment were reconciled with the proposed annual 
production from the feasibility study and the energy profile obtained for the operation was 
found to be consistent with the development of a low-grade copper deposit.  The majority 
of energy consumed by the case site was sourced from electricity purchased from coal-
fired generators and was associated with a very high emission factor.  The cost of energy 
consumption represented one third of total operational costs for the case site but the value 
of the operation was not particularly sensitive to changes in energy prices.      
The relative insensitivity of the case site to increasing energy prices was confirmed during 
examinations to establish the value of potential energy-efficiency improvements.  These 
analyses demonstrated that sizable reductions in energy consumption (-18.5%) were 
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required to yield moderate returns in the project’s present value ($32.6M) which excluded 
any capital investment required to implement the energy-efficiency technologies.  
However, the relative value of energy savings would improve with increasing energy prices 
and the introduction of emissions pricing in Australia.   
The introduction of a $23/t CO2e fixed emission price was shown to significantly alter the 
value of the case site (-$42.9M) with negligible reductions in the total energy consumption 
(-2.4%) and associated emissions generated (-2.9%) during the development of the 
deposit.  The energy reductions required to offset the impact of emission pricing were 
shown to exceed estimates for the current capabilities of the most energy-efficient 
technologies available to the mining industry.   
The inclusion of pre-concentration strategies introduced complexities in the determination 
of an optimal cut-off grade policy for the development of the case site.  The pre-
concentration strategies examined confirm their potential to significantly increase the value 
of the operation ($97.8M) and reduce the energy and emission intensities of production     
(-9.0% and -15.3% respectively).  However, the introduction of pre-concentration within the 
existing operational structure of the case site increased the annual energy consumption of 
the operation.   
8.2. Conclusions 
The optimisation of the cut-off grade policy applied to the development of a mineralised 
deposit was demonstrated to provide a strong platform from which the energy 
consumption and associated emissions attributable to mine production can be established. 
The strength of the methodology stems from its ability to represent the actions of a value 
maximising operation and encompass all production stages for the generation of refined 
product over the entire life of the deposit.    
Improvements in the energy-efficiency of mining and mineral processing activities show 
potential to increase the value of operations.  Improved energy-efficiency for low-grade 
metalliferous mining may yield greatest benefits with reductions in the energy consumption 
of mineral processing activities, increasing the quantity of ore that can be economically 
treated and product recovered during the development of the deposit subject to the 
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constraints of the operation.  However, under the data and assumptions for the case site 
examined, substantial energy-efficiency improvements were shown to generate only minor 
increases in the conversion of resource to reserves and did little to extend the life of the 
mining operation due to constraints in processing and stockpiling additional ore.   
In contrast, the introduction of emission pricing in Australia significantly altered the 
operating environment for low-grade metalliferous mining and reduced the value of the 
case site by 6%.  Furthermore, the introduction of emission pricing was shown to decrease 
the conversion of resources to reserves and shorten the life of the mining operation.  
These production impacts would create meaningful economic incentives for established 
mining operations to investigate strategies to reduce emissions and could impact the 
viability of commencing potential projects in Australia.  The production impacts from 
emission pricing at the case site could not be completely offset by adopting the most 
energy-efficient equipment currently available to the industry and emphasised the need to 
combine innovative solutions within traditional mining methods.   
The integration of an effective pre-concentration strategy has the potential to substantially 
increase the value of an operation and the conversion of resources to reserves.  The Pre-
concentration strategies examined significantly increased the grade of ore delivered to the 
concentrator while reducing the total quantity of material that required energy-intensive 
grinding.  While these strategies required additional energy consumption at the case site, 
pre-concentration was shown to reduce the total energy required to develop the deposit 
and decreased the energy and emission intensities of production.   
The value of pre-concentration was derived from an effective increase in the available 
treatment capacity of an operation which was proportional to the quantity of waste 
removed during pre-concentration of material.  The apparent increase in effective 
treatment capacity can alleviate processing constraints during production and facilitate 
greater economic utilisation of extracted resources.  The increase in the effective 
treatment capacity of the operation may also reduce or eliminate stockpiling requirements 
and permits the immediate treatment of intermediate grade ore.  However, the magnitude 
of stockpile reductions requires further investigation to determine the impact of pre-
concentrating stockpiled ore. 
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The rehandling requirements of pre-concentrated material may increase the time required 
for material handling activities which can reduce the rate of development of deposit.  The 
rehandling requirements of pre-concentrated material dominated the capital and operating 
expenses of strategies examined and may be influenced by the physical location of pre-
concentration facilities.  In the scenarios examined, locations that minimised or eliminated 
the rehandling of pre-concentrated material were shown to generate greater value for the 
operation.   However, the optimal location for pre-concentration activities will be dependent 
of the capital, operating costs and performance of pre-concentration and any limitations 
the location may place on production.    
Escalating energy consumption in the mining industry represents an increasing challenge 
as production continues a relentless transition toward the development of lower-quality 
resources.  Innovative approaches, such as pre-concentration, may improve the 
productivity, economics and energy consumption of the metalliferous mining industry 
during the transition.   
8.3. Recommendations for Future Work 
Strategic mine planning requires the optimisation of the mining sequence, cut-off grade 
policy and the design of the ultimate pit.  The methodology of this thesis only addresses 
the optimisation of the cut-off grade policy for the development of the deposit.  Integrating 
the complexities of pre-concentration strategies identified by the research of this thesis into 
the optimisation procedures for scheduling and pit design will enhance the optimisation of 
pre-concentration strategies during strategic mine planning.  Implementation of this 
recommendation is likely to achieve greater value for pre-concentration within operations.   
The accuracy of evaluations for the net present value, energy consumption and associated 
emissions of production by the methodology of this thesis could be improved through 
detailed modelling of operational components and greater ability to incorporate and 
monitor physical characteristics of material through each stage of production.  This could 
facilitate the inclusion of potential benefits relating to enhanced throughput as a result of a 
reduction in the size distribution and impact hardness of pre-concentrated material being 
fed to the processing plant.  Furthermore, potential benefits from improved flotation 
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recovery as a result of the increased head grade of ore being treated at the processing 
plant may also be included in more detailed modelling.   
The methodology of the thesis should be extended to include the potential treatment of 
stockpiled ore by pre-concentration.  This would allow the evaluation of stockpile strategies 
that pre-concentrate intermediate grade ore at the time of extraction or upon withdrawal of 
stockpiled ore.  These potential pre-concentration strategies applied to stockpiled material 
may alleviate the capacity constraints for stockpiling at an operation or potentially lower 
the cut-off grade for stockpiling.    
The examination of increasingly complex operational environments with multiple treatment 
and pre-concentration destinations for extracted resources will intensify the computational 
requirements for the optimisation of the cut-off grade policy.  As such, the investigation of 
sophisticated search methods and algorithms that reduce the number of calculations 
required to locate the potential global maxima would reduce the computation requirements 
of the methodology.  These search methods would assist in the optimisation of material 
allocations for complex operational environments. 
The scope of the methodology could also be extended to capture the water and 
consumables during different stages of production.  Greater detail in the modelling of 
material characteristic could be used to examine the destination of hazardous elements 
and potential acid generating material during the development of the deposit.  This could 
facilitate better management of environmental issues during strategic mine planning and 
optimisation.   
The methodology developed and demonstrated in this thesis could be extended and 
refined to contribute to these future developments. 
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Appendix A:  Lane’s Theory of Cut-Off Grades  
Appendix A presents Lane’s theory of cut-off grades which has provided the foundations of 
modern cut-off grade theory and forms the basis of the methodology employed by this 
thesis, detailed in Chapter 3.  The derivations to update Lane’s equations to include pre-
concentration as a discrete processing destination for extracted resources follow in 
Appendix B.  
A.1  Lane’s Theory of Cut-Off Grades 
Lane (1988) identifies three separate components comprising the activities of an operation 
which are concerned with the treatment of three distinct material classifications, as 
presented in Table A.1.   Table A.1: Components of a Mining Operation (Lane 1988) Component Activities Material Treated Variable Costs Capacity Constraints Mining Drilling Blasting Loading Hauling 
All mineralised material to be extracted (rock)  
Per tonne of rock mined Maximum extraction and  movement rate of rock 
Concentrating Crushing Grinding Separating 
The portion of the mineralised material classified as ore Per tonne of ore treated Maximum treatment rate of ore Refining Smelting Refining Selling 
The recoverable product contained in the portion of the mineralised material classified as ore 
Per unit of refined product sold Maximum rate of generation and sale of refined product 
 
The complete set of dynamic cut-off grades applied to units of the extracted resource 
during the development of the deposit defines the cut-off grade policy.  The objective of an 
optimised cut-off grade policy is to maximise the present value of the deposit (Lane 1988).  
The present value of the deposit is determined by the cumulative value of future, 
discounted cash flows generated by the extraction, treatment and consumption of the 
resources contained within the deposit.  Hence, the present value of the deposit is a 
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function of time and the quantity and quality of remaining resources within the deposit 
(Lane 1988).   
Time influences two factors governing production from the deposit.  Firstly, the economic 
conditions for extraction, concentration and sale of refined product from the resources of 
the deposit are variable with time.  Secondly, time is required to extract the resources and 
treat resultant material flows which distribute the cash flows of the operation over many 
years.  The timing and size of these cash flows determines the present value of the 
deposit (Lane 1988). 
The calculation of the optimum cut-off grade policy to maximise the present value of the 
deposit only requires consideration of the change in the present value of the deposit with 
the consumption of the next increment of the resource to be extracted (Lane 1988).  If the 
extraction and treatment of the next unit of the resource is limited by capacity constraints, 
the cut-off grade applied will incur two opportunity costs.  Both opportunity costs stem from 
the deferral of future cash flows from the development of the deposit due to the time 
required to treat an additional unit of the resource by a capacity constrained activity in the 
present (Rendu 2008).  The opportunity costs impose a penalty on the treatment of low-
value material while higher-value material is available and production is constrained.   
The first opportunity cost reflects the time value of money applied to deferral of the receipt 
of future cash flows from the development of the deposit due to the extra time required to 
extract, process and refine an additional unit of the resource.  The first opportunity cost is 
calculated from the interest that could have been earned on the present value of the 
deposit had this value been invested at the cost of capital of the operation for the duration 
required to process an additional unit of the resource (Lane 1988).   
𝐹𝑖𝑟𝑠𝑡 𝑂𝑝𝑝𝑜𝑟𝑡𝑢𝑛𝑖𝑡𝑦 𝐶𝑜𝑠𝑡 = 𝛿. 𝑉. 𝜏 Eqn.  A.1 Where: 
δ = The operation’s discount rate (%) V = The present value of the deposit ($) 
τ = The time taken to process the next unit of the resource (years) 
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The second opportunity cost reflects changes in economic conditions and markets 
experienced by the operation as time passes (Lane 1979).  The second opportunity cost 
may be a bonus if economic conditions improve and a penalty if economic conditions 
deteriorate (Lane 1979).  The second opportunity cost is calculated as below (Lane 1988): 
𝑆𝑒𝑐𝑜𝑛𝑑 𝑂𝑝𝑝𝑜𝑟𝑡𝑢𝑛𝑖𝑡𝑦 𝐶𝑜𝑠𝑡 = − 𝜕𝑉
𝜕𝑇
. 𝜏 Eqn.  A.2 Where: 
𝜕V/𝜕T = The rate of change of the present value of remaining resources with time  
 
The cash flow generated by the next increment of resource is equal to (Lane 1988):  
𝑐𝑓 = (𝑃 − 𝑟). 𝑥. 𝜌𝑐 . ?̅? − 𝑥. 𝑐 − 𝑚 − 𝑓. 𝑡 Eqn.  A.3 Where: cf = The cash flow generated by the unit of the resource ($) P = The sale price of one unit of product ($/unit product) r = The cost of refining and selling one unit of product ($/unit product) x = The ratio of ore to rock in the unit of the resource 
ρc = The recovery of product at the concentrator (%) 
ḡ = The average grade of ore in the unit of the resource (product/t ore) c = The cost of treating one tonne of ore ($/t ore) m = The cost of mining one tonne of rock ($/t rock)  f = The fixed costs of the mining operation per year ($/year) t = The time taken to mine one tonne of rock, treat x tonnes of ore, and refine x.ρc.ḡ units of product (years) 
 
The resultant change in the present value of the deposit with the consumption of the next 
increment of the resource is equal to (Lane 1988): 
𝑣 = (𝑃 − 𝑟). 𝑥. 𝜌𝑐 . ?̅? − 𝑥. 𝑐 − 𝑚 − (𝑓 + 𝐹). 𝑡 Eqn.  A.4 
𝐹 =  𝛿. 𝑉 − 𝜕𝑉
𝜕𝑇
 Eqn.  A.5 Where: v = The incremental change in the present value of the deposit with the consumption of the next unit of the resource ($) F = The opportunity costs of production ($/year) 
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The optimum cut-off grade will maximise the change in the present value of the deposit 
with the consumption of the next unit of the resource (v) in Equation A.4 (Lane 1988).  The 
determination of the cut-off grade to achieve this objective influences the variables for the 
ore/rock ratio (x), the average grade (ḡ) of ore, and the time required to treat the next 
increment of the resource (τ).   
The time required to extract, concentrate and refine the next increment of the resource is 
dependent on the operational component(s) limiting the rate of production (Lane 1988).  
The mining, concentrating and refining components of the operation give rise to three 
economic cut-off grades and three balancing cut-off grades.  The economic cut-off grades 
are determined by the prevailing economic conditions of the operation and the opportunity 
costs of production.  These cut-off grades are only applicable when one component of the 
operation is limiting the rate of production.  The balancing cut-off grades occur when two 
or more components of the operation are limiting the rate of production of the deposit.  
These cut-off grades utilise the full capacity of the limiting components and are dependent 
on the grade distribution of the next unit of the resource and the available capacities of the 
limiting components.  All cut-off grades are dynamic and change with the economic 
conditions of the operation, the geological characteristics of the next unit of the resource to 
be extracted and the effective capacities of operational components. 
A.2  Economic Cut-Off Grades 
Mining Constraint 
If the rate of production of the deposit is limited by the capacity of mining activities to 
extract and transport rock from the deposit then the time required to extract and process 
one unit of the resource is equal to (Lane 1988): 
𝜏 = 1
𝑀
 Eqn.  A.6 Where: M = The maximum capacity of the mining component (t rock/year)  
 
Appendix A: Lane’s Theory Michael Scott 
 
A-5 
The cut-off grade that will result in the greatest possible increase in the present value of 
the deposit with the consumption of the next unit of the resource requires the 
determination of the grade that will maximise vm in the following equation (Lane 1988):  
𝑣𝑚 = (𝑃 − 𝑟). 𝑥. 𝜌𝑐 . ?̅? − 𝑥. 𝑐 − 𝑚 − (𝑓 + 𝐹)𝑀  Eqn.  A.7 
Lane (1988) has shown that the cut-off grade for the maximisation of the present value of 
a deposit under a mining capacity constraint (gm) is equal to: 
𝑔𝑚 = 𝑐(𝑃 − 𝑟)𝜌𝑐 Eqn.  A.8 
When production is limited by a mining constraint, material scheduled for extraction should 
be classified as ore, so long as, the value of the material if processed at the plant exceeds 
the cost of wasting the material.  This cut-off grade is referred to as the internal breakeven 
cut-off grade and does not attract the fixed costs or opportunity costs of the operation as 
these costs are spread over all extracted material, regardless of its classification as waste 
or ore (Lane 1988).   
Concentration Constraint 
If the rate of production of the deposit is restricted due to the capacity of the concentration 
facilities to treat ore, then the time required to treat one unit of resource will be equal to the 
time required to concentrate the resulting portion of that resource classified as ore (Lane 
1988). 
𝜏 = 𝑥
𝐶
 Eqn.  A.9 Where: C = The maximum capacity of the concentrating component (t ore/year)  
 
The cut-off grade that will result in the greatest possible increase in the present value of 
the deposit with the consumption of the next unit of the resource requires the 
determination of the grade that will maximise vc in the following equation (Lane 1988):  
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𝑣𝑐 = (𝑃 − 𝑟). 𝑥. 𝜌𝑐 . ?̅? − 𝑥. 𝑐 − 𝑚 − 𝑥. (𝑓 + 𝐹)𝐶  Eqn.  A.10 
Lane (1988) has shown that the economic cut-off grade for the maximisation of the present 
value of a deposit under a concentration constraint (gc) is equal to: 
𝑔𝑐 = 𝑐 + (𝑓 + 𝐹)𝐶(𝑃 − 𝑟). 𝜌𝑐  Eqn.  A.11 
The cut-off grade applied during a concentration constraint incurs the fixed costs and 
opportunity costs of production and will decrease as the opportunity costs of production 
recede as the remaining resources are depleted.   
Refining Constraint 
If the refining or marketing activities of the operation are limiting the rate of production, the 
time required to refine and sell the recoverable product contained in one unit of the 
resource is equal to (Lane 1988): 
𝜏 = 𝑥. 𝜌𝑐 . ?̅?
𝑅
 Eqn.  A.12 Where: R = The maximum capacity of the refining component (units product/year)  
 
The cut-off grade to maximise the present value of the deposit under a refining constraint 
requires the determination of the grade that will maximise vr in the following equation 
(Lane 1988):  
𝑣𝑟 = (𝑃 − 𝑟). 𝑥. 𝜌𝑐 . ?̅? − 𝑥. 𝑐 − 𝑚 − 𝑥. 𝜌𝑐 . ?̅?. (𝑓 + 𝐹)𝑅  Eqn.  A.13 
Lane (1988) has shown that the economic cut-off grade during a refining constraint is 
equal to: 
𝑔𝑟 = 𝑐
�(𝑃 − 𝑟) − (𝑓 + 𝐹)𝑅 � 𝜌𝑐 Eqn.  A.14 
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The cut-off grade during a refining constraint also incurs the fixed costs and opportunity 
costs of production and will decrease as the opportunity costs of production recede as the 
remaining resource is consumed.  
A.3  Balancing Cut-Off Grades 
Concentration and Mining Balancing Cut-Off Grade 
The concentration and mining balancing cut-off grade (gcm) occurs when the quantity of ore 
resulting from the extraction of a unit of the resource (ore/rock) is in the same ratio as the 
capacity of the processing plant to the mining capacity (C/M) (Lane 1988).  The cut-off 
grade that delivers this ratio of ore to rock can be determined from the cumulative grade-
tonnage distribution for a unit of the resource (Figure A.1).   
 Figure A.1: Cumulative Grade-Tonnage Distribution for a Unit of the Resource 
Refining and Mining Balancing Cut-Off Grade 
The refining and mining balancing cut-off grade (grm) occurs when the quantity of 
recoverable product resulting from the extraction of a unit of resource (recoverable 
product/rock) is in the same ratio as the refining capacity to the mining capacity (R/M) 
(Lane 1988).  The cut-off grade that delivers this ratio of recoverable product to rock can 
be determined from the cumulative grade-tonnage distribution as a function of recoverable 
product for a unit of the resource (Figure A.2). 
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 Figure A.2: Cumulative Grade-Tonnage Distribution as a Function of Recoverable Product for a Unit of the Resource  
Refining and Concentration Balancing Cut-Off Grade 
The refining and concentration balancing cut-off grade (grc) occurs when the quantity of 
recoverable product contained in the treated ore (recoverable product/ore) is in the same 
ratio as the refining capacity and the concentration capacity (R/C) (Lane 1988).  The cut-
off grade that delivers this ratio of recoverable product to ore can be determined from the 
average head-grade curve adjusted to reflect recovery for a unit of the resource (Figure 
A.3).  
 Figure A.3: Average Head Grade as a Function of Recoverable Product for a Unit of the Resource 
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A.4  The Optimum Cut-Off Grade 
There are now six cut-off grades, of which, only one can achieve the objective of 
maximising the present value of the deposit with the consumption of the next unit of the 
resource.  The interactions of the six cut-off grades and the overall optimum cut-off grade 
are best displayed graphically by plotting the change in present value of the deposit with 
the extraction of the next unit of resource if each component was acting as a production 
constraint (Figure A.4).  The maximum change in the present value of the deposit is bound 
by the lower of the three values for a mining constraint (vm), concentration constraint (vc) or 
a refining constraint (vr) and is therefore restricted to the shaded region in Figure A.4.  The 
optimum cut-off grade (G) that will generate the maximum change in the present value of 
the deposit in this instance would be the economic cut-off grade for refining (gr). 
 Figure A.4: Change in the Present Value of the Deposit with the Consumption of the next unit of the Resource  
Where: vm = The change in present value of the deposit under a mining constraint  vc = The change in present value of the deposit under a concentration constraint  vr = The change in present value of the deposit under a refining constraint  gm = The economic cut-off grade for mining  gc = The economic cut-off grade for concentration   gr = The economic cut-off grade for refining  gcm = The balancing cut-off grade for concentration and mining components  grm = The balancing cut-off grade for refining and mining components  grc = The balancing cut-off grade for refining and concentration components  
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The determination of the optimum cut-off grade requires examination of the interactions 
that each cut-off grade has on the present value of the deposit.  This is achieved in two 
stages.  The first stage examines the interactions of the economic and balancing cut-off 
grades associated with each combination of operational components.  The ideal cut-off 
grade for each combination is selected according to the criteria described by Lane (1988). 
The ideal cut-off grade for the concentration-mining components (Gcm) is: 
𝐺𝑐𝑚 = 𝑔𝑚 𝑖𝑓 𝑔𝑐𝑚 < 𝑔𝑚  = 𝑔𝑐  𝑖𝑓 𝑔𝑐𝑚 > 𝑔𝑐  = 𝑔𝑐𝑚 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
 
Eqn. Eqn. Eqn.  
A.15 A.16 A.17 
The ideal cut-off grade for the refining-mining components (Grm) is: 
𝐺𝑟𝑚 = 𝑔𝑚 𝑖𝑓 𝑔𝑟𝑚 < 𝑔𝑚  = 𝑔𝑟 𝑖𝑓 𝑔𝑟𝑚 > 𝑔𝑟  = 𝑔𝑟𝑚 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
 
Eqn. Eqn. Eqn.  
A.18 A.19 A.20 
The ideal cut-off grade for the refining-concentration components (Grc) is: 
𝐺𝑟𝑐 = 𝑔𝑟 𝑖𝑓 𝑔𝑟𝑐 < 𝑔𝑟  = 𝑔𝑐  𝑖𝑓 𝑔𝑟𝑐 > 𝑔𝑐  = 𝑔𝑟𝑐  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 
 
Eqn. Eqn. Eqn.  
A.21 A.22 A.23 
The second stage to determine the overall optimum cut-off grade (G) examines the three 
ideal cut-off grades identified above.  The optimum cut-off grade (G) that will achieve the 
maximum increase in the present value of the deposit with the consumption of the next 
unit of the resource will be the middle value of the ideal cut-off grades for concentration-
mining (Gcm), refining-mining (Grm), and refining-concentration (Grc) (Lane 1988). 
𝐺 = 𝑀𝑖𝑑𝑑𝑙𝑒 𝑉𝑎𝑙𝑢𝑒 (𝐺𝑐𝑚, 𝐺𝑟𝑚, 𝐺𝑟𝑐) Eqn.  A.24 
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A.5  The Optimum Cut-Off Grade Policy 
The formulation of a complete set of optimum cut-off grades for all units of the resource 
within the deposit is referred to as the optimum cut-off grade policy (Lane 1988).  The 
optimum cut-off grade policy is required to determine the maximum present value of the 
deposit and the associated opportunity costs imposed on production for the development 
of the deposit.  The policy is postulated using best estimates of future economic conditions 
and the chemical and physical properties of undeveloped resource which are inherently 
uncertain.  The policy itself is therefore uncertain and will constantly change as information 
regarding future estimates are updated over time. 
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Appendix B:  Extension of Lane’s Theory to Pre-Concentration  
Appendix B provides an extension to Lane’s Theory for the derivation of the optimum cut-
off grade to include pre-concentration as a discrete processing destination.  Appendix B 
builds upon the summary of Lane’s Theory in Appendix A and accompanies the 
methodology of this thesis detailed in Chapter 3.   
B.1  Extension of Lane’s Theory to Include Pre-Concentration 
Lane (1988) has shown that to maximise the present value of remaining resources in a 
deposit, the cut-off grade applied to the next unit of the resource must maximise the 
incremental rate of change in the present value of the deposit (v).  The equation to 
determine the incremental rate of change in the present value of the deposit derived by 
Lane (1988) is presented below: 
𝑣 = (𝑃 − 𝑟). 𝑥. 𝜌𝑐 . ?̅? − 𝑥. 𝑐 − 𝑚 − (𝑓 + 𝐹). 𝜏 Eqn.  B.1 Where: v = The incremental rate of change in the present value of the deposit with the consumption of the next unit of the resource ($/t) P = The sale price of one unit of product ($/unit product) r = The cost of refining and selling one unit of product ($/unit product) x = The ratio of ore to rock in the unit of the resource 
ρc = The recovery of product at the concentrator (%) 
ḡ = The average grade of ore in the unit of the resource (product/t ore) c = The cost of treating one tonne of ore ($/t ore) m = The cost of mining one tonne of rock ($/t rock)  f = The fixed costs of the mining operation per year ($/year) t = The time taken to mine one tonne of rock, treat x tonnes of ore, and refine x.ρc.ḡ units of product (years) 
 
This equation forms the basis of modern cut-off grade theory and represents the change in 
present value if the next unit of the resource is mined, the resultant portion of ore (x) is 
treated and the recoverable product (x.ρc.g) is refined and sold.  Lane’s equation and its 
application is formulated for an operation consisting of three stages of production; mining 
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rock, treating the resultant ore at the concentrator and refining and marketing the 
recovered product.  As such, the economic and balancing cut-off grades derived by Lane 
were intended to distinguish ore from waste during extraction and handling considering the 
interactions of the shaded operational components in Figure B.1.  Secondary to these 
interactions, Lane (1988) has also shown how to determine the economic cut-off grade for 
stockpiling (gs) and describes how to include an effective strategy for the complementary 
treatment of stockpiled ore while developing the resources of the deposit.  However, for all 
intents and purposes, Lane’s optimum cut-off grade policy was primarily concerned with 
the shaded operational components in Figure B.1 and the constraints they provide to 
production.   
 Figure B.1: Interactions of the Operational Components of the Methodology (Chapter 3). Shaded Region Indicates the Primary Focus of Lane’s Theory  
The inclusion of pre-concentration as an independent treatment destination that interacts 
with the concentrator introduces additional processing pathways, costs, recoveries and 
constraints for the treatment of extracted resources from the deposit.  The pre-
concentration facilities may receive a portion of material from the next unit of the resource 
to be mined (β) and separate this material into streams of higher value material (upgraded 
ore) and lower value material (separated waste).  The pre-concentration facilities will incur 
a cost (pc) proportional to the total material treated which includes any rehandling costs 
associated with the pre-concentrated material streams.  The modified version of Lane’s 
Equation (B.1) to include pre-concentration in the incremental rate of change in present 
value with the consumption of the next unit of the resource is:  
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𝑣 = (𝑃 − 𝑟). 𝑥. 𝜌𝑐 . ?̅? − 𝑥. 𝑐 − 𝛽. 𝑝𝑐 − 𝑚 − (𝑓 + 𝐹). 𝜏 Eqn.  B.2 Where: 
β = The ratio of material to be treated by pre-concentration to total rock mined in the next unit of the resource pc = The cost of treating one tonne of material at the pre-concentration facilities ($/t) 
 
In this equation (B.2), the ore to rock ratio (x) is comprised of the portion of ore extracted 
from the deposit and sent directly to the concentrator (α) and the portion of upgraded ore 
generated from material extracted from the deposit and sent to pre-concentration (β.μ).  
Hence: 
𝑥 = 𝛼 + 𝛽. 𝜇 Eqn.  B.3 Where: 
α = The ratio of ore sent as direct feed to the concentrator to total rock mined in the next unit of the resource 
μ = The mass fraction of upgraded ore recovered by pre-concentration expressed as a percentage of total material treated by pre-concentration (%) 
 
The average grade of material treated at the concentrator in Equation B.2 represents the 
weighted average grade of ore sent directly to the concentrator [ḡ(α)] and upgraded ore 
generated from pre-concentration [ḡ(β).ρpc/μ].  Thus:  
?̅? = 𝛼(𝛼 + 𝛽. 𝜇) × ?̅?(𝛼) + 𝛽. 𝜇(𝛼 + 𝛽. 𝜇) × ?̅?(𝛽). 𝜌𝑝𝑐𝜇  Eqn.  B.4 
?̅? = 𝛼. ?̅?(𝛼)(𝛼 + 𝛽. 𝜇) + 𝛽. ?̅?(𝛽). 𝜌𝑝𝑐(𝛼 + 𝛽. 𝜇)  Eqn.  B.5 Where: 
ḡ(α) = The average grade of ore sent directly to the concentrator (product/t ore) 
ḡ(β) = The average grade of material sent to pre-concentration (product/t material) 
ρpc = The product recovered to upgraded ore at pre-concentration expressed as a percentage of total product in material treated at pre-concentration (%) 
ρpc/μ = The upgrade factor for pre-concentrated ore 
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Substituting Equations B.3 and B.5 into B.2, the incremental rate of change in the present 
value of the deposit becomes: 
𝑣 = (𝑃 − 𝑟). (𝛼 + 𝛽. 𝜇). 𝜌𝑐. � 𝛼. ?̅?(𝛼)(𝛼 + 𝛽. 𝜇) + 𝛽. ?̅?(𝛽). 𝜌𝑝𝑐(𝛼 + 𝛽. 𝜇) � − (𝛼 + 𝛽. 𝜇). 𝑐 − 𝛽. 𝑝𝑐 − 𝑚 − (𝑓 + 𝐹). 𝜏 Eqn.  B.6 
Furthermore, it should be noted that there is an implicit assumption in Equations B.2-B.6 
that upgraded ore from pre-concentration will have an identical recovery, throughput and 
cost for treatment at the concentrator compared to ore sent directly to the concentrator.   
The interactions of pre-concentration illustrated in Figure B.1 and derived in Equation B.6 
introduce four new economic cut-off grades for extracted resources, four new economic 
crossover cut-off grades between direct feed and pre-concentration and three new variants 
of balancing cut-off grades, in addition to the cut-off grades identified by Lane (1988).  The 
economic cut-off grades define the minimum grade of material treated at pre-concentration 
under a mining, pre-concentration, concentrator, and refining/marketing constraint.  Lane’s 
economic cut-off grades are still applicable to ore sent directly to the concentrator.   
The economic crossover cut-off grades are used to choose between treating material at 
direct feed and pre-concentration under a mining, pre-concentration, concentrator and 
refining/marketing constraint (Dagdelen & Kawahata 2008; Rendu 2008).  The new 
variants of balancing cut-off grades apply between the mine and pre-concentration, the 
concentrator and pre-concentration and the refinery and pre-concentration.  However, 
there no longer exists a single cut-off grade to balance the capacities of operational 
components. Instead, multiple combinations of cut-off grades to pre-concentration and 
direct feed may balance the capacities of operational components.   
The optimal cut-off grades to apply to direct feed and pre-concentration to maximise the 
incremental rate of change in the present value of the deposit may be any combination of 
these balancing cut-off grades, economic cut-off grades and crossover cut-off grades for 
the next unit of the resource.   
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B.2  Economic Cut-Off Grades 
Economic Cut-Off Grade for Pre-Concentration under a Pre-Concentration Constraint 
If treatment of material at pre-concentration is limiting the rate of production for the next 
unit of the resource, then the time required to treat that unit of the resource is equal to: 
𝜏 = 𝛽
𝑃𝐶
 Eqn.  B.7 
Where: PC = The maximum capacity of the pre-concentration component (t material/year) 
 
The incremental change in the present value of the deposit under a pre-concentration 
constraint is: 
𝑣𝑝𝑐 = (𝑃 − 𝑟). (𝛼 + 𝛽. 𝜇). 𝜌𝑐. � 𝛼. ?̅?(𝛼)(𝛼 + 𝛽. 𝜇) + 𝛽. ?̅?(𝛽). 𝜌𝑝𝑐(𝛼 + 𝛽. 𝜇) � − (𝛼 + 𝛽. 𝜇). 𝑐 − 𝛽. 𝑝𝑐 − 𝑚 − 𝛽. (𝑓 + 𝐹)𝑃𝐶  Eqn.  B.8 
The minimum grade that can be allocated to pre-concentration occurs when the value of 
allocating the next unit of the resource to pre-concentration is equal to the value of wasting 
that unit of the resource.   
𝑣𝑝𝑐 = 𝑣𝑤 Eqn.  B.9 
Assuming the cost of mining the unit of the resource as ore or waste is equal, then: 
𝑣𝑝𝑐 = (𝑃 − 𝑟). (𝛼 + 𝛽. 𝜇). 𝜌𝑐. � 𝛼. ?̅?(𝛼)(𝛼 + 𝛽𝜇) + 𝛽. ?̅?(𝛽). 𝜌𝑝𝑐(𝛼 + 𝛽. 𝜇) � − (𝛼 + 𝛽. 𝜇). 𝑐 − 𝛽. 𝑝𝑐 − 𝑚 − 𝛽. (𝑓 + 𝐹)𝑃𝐶 = −𝑚 Eqn.  B.10 
Furthermore, as the decision only relates to the allocation of a unit of the resource to either 
pre-concentration or waste, α=0 and β=1.  Hence: 
(𝑃 − 𝑟). 𝜇. 𝜌𝑐 . ?̅?(𝛽). 𝜌𝑝𝑐𝜇 − 𝜇. 𝑐 − 𝑝𝑐 − 𝑚 (𝑓 + 𝐹)𝑃𝐶 = −𝑚 Eqn.  B.11 
(𝑃 − 𝑟). 𝜌𝑐 . ?̅?(𝛽). 𝜌𝑝𝑐 − 𝜇. 𝑐 − 𝑝𝑐 − (𝑓 + 𝐹)𝑃𝐶 = 0 Eqn.  B.12 
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(𝑃 − 𝑟). 𝜌𝑐 . ?̅?(𝛽). 𝜌𝑝𝑐 = 𝑝𝑐 + 𝜇. 𝑐 + (𝑓 + 𝐹)𝑃𝐶  Eqn.  B.13 
𝑔(𝛽)𝑝𝑐 = 𝑝𝑐 + 𝜇. 𝑐 + (𝑓 + 𝐹)𝑃𝐶(𝑃 − 𝑟). 𝜌𝑐 . 𝜌𝑝𝑐  Eqn.  B.14 Where: 
g(β)pc = The minimum cut-off grade of material allocated to pre-concentration under a pre-concentration constraint (product/t material) 
 
Economic Cut-Off Grade for Pre-Concentration under a Mining, Concentrator or 
Refining/Marketing Constraint 
Following the same procedure described above it is possible to derive the economic cut-off 
grade to allocate a unit of the resource to pre-concentration under a mining, concentrator 
or refining constraint.  Where the time required treating a unit of the resource is equal to: 
For a mining constraint: 𝜏 = 1
𝑀
 Eqn.  B.15 
For a concentrator constraint: 𝜏 = 𝛽. 𝜇
𝐶
 Eqn.  B.16 
For a refining/marketing constraint:  𝜏 = 𝛽. ?̅?(𝛽). 𝜌𝑐 . 𝜌𝑝𝑐
𝑅
 Eqn.  B.17 
Where: M = The maximum capacity of the mining component (t rock/year) C = The maximum capacity of the concentrating component (t ore/year) R = The maximum capacity of the refining component (units product/year) 
 
It must be acknowledged that the time required to mine waste under a mining constraint is 
also equal to 1/M.  Therefore, setting vpc = vw following equation B.9 will eliminate all time 
and mining unit costs from the calculation for a mining constraint.  Once again the decision 
only relates to the allocation of a unit of the resource to either pre-concentration or waste, 
hence α=0 and β=1.   
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The economic cut-off grades for pre-concentration under a mining, concentrator and 
refining/marketing constraint are: 
For a mining constraint: 𝑔(𝛽)𝑚 = 𝑝𝑐 + 𝜇. 𝑐(𝑃 − 𝑟). 𝜌𝑐 . 𝜌𝑝𝑐 Eqn.  B.18 
For a concentrator constraint: 𝑔(𝛽)𝑐 = 𝑝𝑐 + 𝜇. �𝑐 + (𝑓 + 𝐹)𝐶 �(𝑃 − 𝑟). 𝜌𝑐 . 𝜌𝑝𝑐  Eqn.  B.19 
For a refining/marketing constraint:  𝑔(𝛽)𝑟 = 𝑝𝑐 + 𝜇. 𝑐
�(𝑃 − 𝑟) − (𝑓 + 𝐹)𝑅 � . 𝜌𝑐 . 𝜌𝑝𝑐 Eqn.  B.20 Where: 
g(β)m = The minimum cut-off grade of material allocated to pre-concentration under a mining constraint (product/t material) 
g(β) c = The minimum cut-off grade of material allocated to pre-concentration under a concentrator constraint (product/t material) 
g(β)r = The minimum cut-off grade of material allocated to pre-concentration under a refining/marketing  constraint (product/t material) 
 
Economic Cut-Off Grade for Direct Feed under a Mining, Concentrator or 
Refining/Marketing Constraint 
Using the same procedure, it is also possible to justify that Lane’s (1988) economic cut-off 
grades still apply to direct feed sent to the concentrator.  This time the decision only 
relates to the allocation of a unit of the resource as direct feed to the concentrator or waste 
and pre-concentration is not considered, hence α=1 and β=0.  
For a mining constraint: 𝑔(𝛼)𝑚 = 𝑐(𝑃 − 𝑟). 𝜌𝑐  Eqn.  B.21 
For a concentrator constraint: 𝑔(𝛼)𝑐 = 𝑐 + (𝑓 + 𝐹)𝐶(𝑃 − 𝑟). 𝜌𝑐  Eqn.  B.22 
For a refining/marketing constraint:  𝑔(𝛼)𝑟 = 𝑐
�(𝑃 − 𝑟) − (𝑓 + 𝐹)𝑅 � . 𝜌𝑐  Eqn.  B.23 
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Where: 
g(α)m = The minimum cut-off grade of ore sent directly to the concentrator under a mining constraint (product/t material) 
g(α)c = The minimum cut-off grade of ore sent directly to the concentrator under a concentrator constraint (product/t material) 
g(α)r = The minimum cut-off grade of ore sent directly to the concentrator under a refining/marketing  constraint (product/t material) 
 
B.3  Economic Crossover Cut-Off Grades 
The economic cut-off grades established in Section B.2 define the minimum value 
between treatment and waste of a unit of the resource to pre-concentration or direct feed 
to the concentrator.  The economic crossover cut-off grades establish the value at which 
treatment of the unit of the resource via pre-concentration or direct feed are equivalent.  As 
Rendu (2008) and Dagdelen and Kawahata (2008) have demonstrated, the economic 
crossover cut-off grade is used to choose between two processes and defines the point at 
which the preferred destination of the material changes.  Economic crossover cut-off 
grades differ from balancing cut-off grades as the capacities of the operational 
components are not balanced in their formulation.  The simplest visualisation for the 
economic crossover cut-off grades is to plot the value of allocating a unit of material to pre-
concentration and direct feed at varying grades (Figure B.2). 
 Figure B.2: Economic Crossover Cut-Off Grade between Pre-Concentration and Direct Feed under a Mining Constraint 
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Economic Crossover Cut-Off Grade between Pre-Concentration and Direct Feed under a 
Concentrator Constraint 
If treatment of ore at the concentrator is limiting the rate of production for the next unit of 
the resource, then the time required to treat the unit of the resource at either destination is: 
𝜏 = 𝛼 + 𝛽. 𝜇
𝐶
 Eqn.  B.24 
The economic crossover grade between direct feed and pre-concentration for the next unit 
of the resource is where the value of that unit of the resource is equal at either destination.   
𝑣𝑝𝑐 = 𝑣𝑐 Eqn.  B.25 
If the unit of the resource is allocated to pre-concentration, α=0 and β=1.  Conversely, if 
the unit of the resource is sent directly to the concentrator, α=1 and β=0.  Hence: 
(𝑃 − 𝑟). 𝜌𝑐 . ?̅?(𝛽). 𝜌𝑝𝑐 − 𝜇. 𝑐 − 𝑝𝑐 − 𝜇. (𝑓 + 𝐹)𝐶 = (𝑃 − 𝑟). 𝜌𝑐 . ?̅?(𝛼) − 𝑐 − (𝑓 + 𝐹)𝐶  Eqn.  B.26 
(𝑃 − 𝑟). 𝜌𝑐 . ?̅?(𝛽). 𝜌𝑝𝑐 − (𝑃 − 𝑟). 𝜌𝑐 . ?̅?(𝛼) = 𝑝𝑐 + 𝜇. 𝑐 + 𝜇. (𝑓 + 𝐹)𝐶 − 𝑐 − (𝑓 + 𝐹)𝐶  Eqn.  B.27 
(𝑃 − 𝑟). 𝜌𝑐 . �?̅?(𝛽). 𝜌𝑝𝑐 − ?̅?(𝛼)� = 𝑝𝑐 + 𝜇. �𝑐 + (𝑓 + 𝐹)𝐶 � − 1. �𝑐 + (𝑓 + 𝐹)𝐶 � Eqn.  B.28 
(𝑃 − 𝑟). 𝜌𝑐 . �?̅?(𝛽). 𝜌𝑝𝑐 − ?̅?(𝛼)� = 𝑝𝑐 + (𝜇 − 1). �𝑐 + (𝑓 + 𝐹)𝐶 � Eqn.  B.29 
Furthermore, the grade of the next unit of the resource remains the same if sent to pre-
concentration or directly to the concentrator [ḡ(β)=ḡ(α)=ḡ].  Thus: 
(𝑃 − 𝑟). 𝜌𝑐 . ?̅?. �𝜌𝑝𝑐 − 1� = 𝑝𝑐 + (𝜇 − 1). �𝑐 + (𝑓 + 𝐹)𝐶 � Eqn.  B.30 
𝑔(𝑋)𝑐 = 𝑝𝑐 + (𝜇 − 1). �𝑐 + (𝑓 + 𝐹)𝐶 �(𝑃 − 𝑟). 𝜌𝑐 . �𝜌𝑝𝑐 − 1�  Eqn.  B.31 Where: g(X)c = The economic crossover cut-off grade for a unit of the resource sent to pre-concentration or directly to the concentrator under a concentrator constraint (product/t material) 
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Economic Crossover Cut-Off Grade between Pre-Concentration and Direct Feed under a 
Mining, Pre-Concentration or Refining/Marketing Constraint 
Once again, following the same procedure it is possible to derive the economic crossover 
cut-off grade between pre-concentration and direct feed under a mining, pre-concentration 
or refining constraint.  The time required treating a unit of the resource is equal to: 
For a mining constraint: 𝜏𝑝𝑐 = 1𝑀   Eqn.  B.32 
  𝜏𝑐 = 1𝑀 Eqn.  B.33 
For a pre-concentration constraint: 𝜏𝑝𝑐 = 𝛽𝑃𝐶 = 1𝑃𝐶   Eqn.  B.34 
 𝜏𝑐 = 𝛽𝑃𝐶 = 0 Eqn.  B.35 
For a refining/marketing constraint:  𝜏𝑝𝑐 = 𝛽. ?̅?(𝛽). 𝜌𝑐 . 𝜌𝑝𝑐𝑅 = ?̅?. 𝜌𝑐 . 𝜌𝑝𝑐𝑅  Eqn.  B.36 
 𝜏𝑐 = 𝛼. ?̅?(𝛼). 𝜌𝑐𝑅 = ?̅?. 𝜌𝑐𝑅   Eqn.  B.37 Where: 
τpc = The time required at pre-concentration if the next unit of the resource is sent to pre-concentration  (years) 
τc = The time required at the concentrator if the next unit of the resource is sent directly to the concentrator (years) 
 
It should be acknowledged that the time required for pre-concentration and direct feed 
under a mining constraint are equal and will not form part of the calculation for the 
economic crossover cut-off grade.  The economic crossover cut-off grades for pre-
concentration and direct feed under a mining, pre-concentration and refining/marketing 
constraint are: 
For a mining constraint: 𝑔(𝑋)𝑚 = 𝑝𝑐 + 𝑐. (𝜇 − 1)(𝑃 − 𝑟). 𝜌𝑐 . (𝜌𝑝𝑐 − 1) Eqn.  B.38 
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For a pre-concentration constraint: 𝑔(𝑋)𝑝𝑐 = 𝑝𝑐 + 𝑐. (𝜇 − 1) + (𝑓 + 𝐹)𝑃𝐶(𝑃 − 𝑟). 𝜌𝑐 . �𝜌𝑝𝑐 − 1�  Eqn.  B.39 
For a refining/marketing constraint:  𝑔(𝑋)𝑟 = 𝑝𝑐 + 𝑐. (𝜇 − 1)�(𝑃 − 𝑟) − (𝑓 + 𝐹)𝑅 � . 𝜌𝑐 . (𝜌𝑝𝑐 − 1) Eqn.  B.40 
Where: g(X)m = The economic crossover cut-off grade for a unit of the resource sent to pre-concentration or directly to the concentrator under a mining constraint (product/t material) g(X)pc = The economic crossover cut-off grade for a unit of the resource sent to pre-concentration or directly to the concentrator under a pre-concentration constraint (product/t material) g(X)r = The economic crossover cut-off grade for a unit of the resource sent to pre-concentration or directly to the concentrator under a refining/marketing constraint (product/t material) 
 
B.4  Balancing Cut-Off Grades 
There may be numerous combinations of cut-off grades to direct feed and pre-
concentration that result in a balancing cut-off grade for operational components.  This can 
be observed by examining the interactions for the incremental rate of change in the 
present value of the deposit under each component constraint at various cut-off grades to 
pre-concentration and direct feed (Figure B.3).  The balancing cut-off grades occur where 
the incremental rate of change in the present value of the deposit under each component 
constraint (vm, vc, vr, vpc) intersect in Figure B.3.  As can be seen, more than one 
combination of cut-off grades to direct feed and pre-concentration may apply to balance 
the capacities of operational components.  The feasible rate of change in the present value 
of the deposit is limited by the incremental change in present value (vlim) corresponding to 
the constraining capacity, or capacities, in each graph (King 2000; Lane 1988).  The 
maximum feasible rate of change in the present value of the deposit (max vlim) 
corresponds to the optimal combination of cut-off grades to direct feed and pre-
concentration to apply to the next unit of the resource.  
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 Figure B.3: Incremental Rate of Change in Present Value for the Next Unit of the Resource at Varying Cut-Off Grades to Direct Feed and a Fixed Cut-Off Grade to Pre-Concentration  
 
It should be acknowledged that the incremental rate of change in the value of the deposit 
relative to the constraints of each operational component is discontinuous.  This 
discontinuity occurs where the cut-off grade to direct feed is equal to the cut-off grade to 
pre-concentration, at which point only one of the treatment destinations can receive the 
material above the cut-off grade.  In the analyses of this thesis, under the assumption that 
upgraded ore from pre-concentration will have an identical recovery, throughput and cost 
for treatment at the concentrator compared to direct feed, direct feed yields a higher 
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present value at the point of discontinuity and is the favoured treatment destination when 
the cut-off grades are equal.   
B.5  The Optimum Cut-Off Grades 
The optimum combination of cut-off grades for direct feed and pre-concentration for the 
next unit of the resource may be found graphically from the maximum value of the limiting 
rate of change in the present value of the deposit (max vlim) (Figure B.4).  The 
methodology detailed in Chapter 3 locates the maximum value of the feasible incremental 
change in the present value of the deposit in two steps.  The first step identifies the 
maximum feasible change in the present value of the deposit at each possible cut-off 
grade to pre-concentration, the equivalent of the maximum line along the z axis in Figure 
B.4.  The second step locates the global maximum change in the present value of the 
deposit from the highest value in the maximum line along the z axis.   
 Figure B.4: Feasible Incremental Rate of Change in Present Value for the Next Unit of the Resource at Varying Cut-Off Grades to Direct Feed and Pre-Concentration  
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Appendix C:  Notations of the Methodology  
Appendix C compiles the notations of the methodology employed by this thesis and 
described in Chapter 3.  Table C.1: Notations of the Methodology (Chapter 3)  Notation Definition Parameters of the Methodology n An individual mining increment k An individual cut-off grade interval b an individual grade-tonnage bin n* The active mining increment I* The active iteration of the deposit k An individual cut-off grade interval  k* The selected cut-off grade interval  K The total number of cut-off grade intervals kgpc-1 The cut-off grade interval one below the cut-off grade interval for the fixed cut-off grade to pre-concentration kgpc The cut-off grade interval corresponding to the fixed cut-off grade for pre-concentration k*-1 The cut-off grade interval one below the selected cut-off grade interval kGdf The cut-off grade interval for the optimum cut-off grade to direct feed  kGpc-1 The cut-off grade interval one below the optimum cut-off grade to pre-concentration  kGpc The cut-off grade interval for the optimum cut-off grade to pre-concentration  kGdf-1 The cut-off grade interval one below the optimum cut-off grade to direct feed  kgs The cut-off grade interval for the minimum cut-off grade for stockpiling ore kGdf-1 The cut-off grade interval one below the cut-off grade interval for the optimum cut-off grade for direct feed  kGpc-1 The cut-off grade interval one below the cut-off grade interval for the optimum cut-off grade for pre-concentration  kAdj Gdf The cut-off grade interval for the adjusted optimum cut-off grade to direct feed incorporating stockpile withdrawals kAdj Gpc The cut-off grade interval for the adjusted optimum cut-off grade to pre-concentration incorporating stockpile withdrawals 
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Notation Definition Parameters of the Methodology cogres The required resolution for the cut-off grade analysis Tolerance The tolerance for convergence of the iterations  Tonnages  T(k) The tonnage of the cut-off grade interval k (t) T(k*) The tonnage of the selected cut-off grade interval (t) T(b*) The tonnage of the selected grade-tonnage bin (t) Tdf The tonnage of ore sent as direct feed to the concentrator (t) Tpc The tonnage of material sent to pre-concentration (t) Tdf(k*) The tonnage of direct feed to the concentrator if the selected cut-off grade interval is equal to the cut-off grade for direct feed (t) T(k) The tonnage of cut-off grade interval k (t) Tpc(k*) The tonnage of material sent to pre-concentration if the selected cut-off grade interval is equal to the cut-off grade for direct feed (t) T(n*) The tonnage of the active mining increment (t) Tsw(n*, I*-1) The tonnage of material withdrawn from the stockpile during the active mining increment from the previous iteration (t)  Tdf(G) The tonnage of direct feed under the optimum cut-off grades for direct feed and pre-concentration (t) Tpc(G) The tonnage of material to pre-concentration under the optimum cut-off grades for direct feed and pre-concentration (t) Ts(G) The tonnage of material allocated to the stockpile at the optimum cut-off grades for direct feed and pre-concentration (t) TΣS(n*) The total tonnage of the accumulated stockpile at the active mining increment (t) Adj TΣS(n*-1) The adjusted tonnage of the accumulated stockpile incorporating stockpile withdrawals at from the previous mining increment (t) Tsw(n*) The tonnage of a stockpile withdrawal at the active mining increment (t)  TΣS(N) The tonnage of the accumulated stockpile at the final mining increment (t) Adj TΣS(n*) The adjusted tonnage of the accumulated stockpile after any stockpile withdrawals at the active mining increment (t) Tdf(Adj G) The tonnage of direct feed to the concentrator under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (t) Tpc(Adj G) The tonnage of material sent to pre-concentration under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (t) 
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Notation Definition Tonnages RHpc(G) The tonnage of rehandling requirements from pre-concentration  activities at the optimum cut-off grades for direct feed and pre-concentration (t) Tsw The tonnage of a stockpile withdrawal (t) Adj Tc(n*) The total tonnage of direct feed, upgraded ore and stockpiled ore sent to the concentrator during the active mining increment (t) min(Tsw) The minimum tonnage that can be withdrawn from the accumulated stockpile (t) Material Ratios 
α The ratio of direct feed to total material mined 
β The ratio of material sent pre-concentration to total material mined x The ratio of direct feed and upgraded ore to total material mined 
α(k*) The ratio of direct feed to total material mined if the selected cut-off grade interval is equal to the cut-off grade for direct feed 
β(k*) The ratio of material sent to pre-concentration to total material mined if the selected cut-off grade interval is equal to the cut-off grade for direct feed x(k*) The ratio of direct feed and upgraded ore to total material mined if the selected cut-off grade interval is equal to the cut-off grade for direct feed Quantity of Product Q(k) The quantity of product in the cut-off grade interval k (g Aue) Q(k*) The quantity of product in the selected grade interval (g Aue) Q(b*) The quantity of product in the selected grade-tonnage bin (g Aue) Qdf The product contained in the direct feed to the concentrator (g Aue) Qpc The product contained in the material sent to pre-concentration (g Aue) Qdf(k*) The product contained in direct feed to the concentrator if the selected cut-off grade interval is equal to the cut-off grade for direct feed (g Aue) Q(k) The product contained in cut-off grade interval k (g Aue) Qpc(k*) The product contained in material allocated to pre-concentration if the selected cut-off grade interval is equal to the cut-off grade for direct feed (g Aue) Qdf(G) The product contained in direct feed at the optimum cut-off grades for direct feed and pre-concentration (g Aue) Qpc(G) The product contained in material sent to pre-concentration at the optimum cut-off grades for direct feed and pre-concentration (g Aue) Qs(G) The product contained in the material allocated to the stockpile at the optimum cut-off grades for direct feed and pre-concentration (g Aue) QΣS(n*) The total product in the accumulated stockpile at the active mining increment (g Aue) 
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Notation Definition Quantity of Product Adj QΣS(n*-1) The adjusted product in the accumulated stockpile incorporating stockpile withdrawals from the previous mining increment (g Aue) Qdf(Adj G) The product in direct feed to the concentrator under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (g Aue) Qpc(Adj G) The product in material sent to pre-concentration under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (g Aue) Adj QΣS(n*) The adjusted quantity of product in the accumulated stockpile after any stockpile withdrawals at the active mining increment (g Aue) Adj Qc(n*) The total quantity of product in direct feed, upgraded ore and recoverable product in stockpiled ore sent to the concentrator during the active mining increment (g Aue) QAu(n*) The total quantity of recovered gold at the selected mining increment (oz Au) Qdf;Au(n*) The quantity of gold in direct feed at the selected mining increment (g Au) Qpc;Au(n*) The quantity of gold in material allocated to pre-concentration at the selected mining increment (g Au) Qsw;Au(n*) The quantity of gold in ore withdrawn from the stockpile at the selected mining increment (g Au) QCu(n*) The total quantity of recovered copper at the selected mining increment (t Cu) Qdf;Cu(n*) The quantity of copper in direct feed at the selected mining increment (t Cu) Qpc;Cu(n*) The quantity of copper in material allocated to pre-concentration at the selected mining increment (t Cu) Qsw;Cu(n*) The quantity of copper in ore withdrawn from the stockpile at the selected mining increment (t Cu) Qg;Au(n*) The total quantity of gravity recovered gold at the selected mining increment (oz Au) Qcon(n*) The total quantity of copper-gold concentrate produced at the selected mining increment (t) Recoveries   
ρpc The product recovered in upgraded ore during pre-concentration expressed as a percentage of the total product contained in the material treated by pre-concentration (%) 
μ The mass fraction of upgraded ore from pre-concentration expressed as a percentage of the total mass treated by pre-concentration (%) 
ρs The adjustment factor for stockpiled material recovery at the treatment destination (%) (Equation 3.53) 
ρc The recovery of product from ore treated at the concentrator (%) 
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Notation Definition Recoveries 
ρs The adjustment factor for the recovery of stockpiled ore at the treatment destination (%)  
Φs The annual change in the recovery of stockpiled material (negative for a reduction) (% p.a.) 
ρΣS The adjustment factor for the recovery of accumulated stockpile material at the treatment destination (%) 
ρΣS (n*) The adjustment factor for the recovery of stockpiled ore at the treatment destination during the active mining increment (%)  
ρΣS;Au The adjustment factor for the recovery of gold from the accumulated stockpile at the selected mining increment (%) 
ρc;Au The recovery of gold at the concentrator (%) 
ρpc;Cu The fraction of the total copper recovered in upgraded ore during pre-concentration at the selected mining increment (%) 
ρΣS;Cu The adjustment factor for the recovery of copper from the accumulated stockpile at the selected mining increment (%) 
ρc;Cu The recovery of copper at the concentrator (%) 
ρg;Au The fraction of recovered gold retrieved by gravity separation expressed as a percentage of total recovered gold (%) 
ρpc;Au The fraction of the total gold recovered in upgraded ore during pre-concentration at the selected mining increment (%) Component Capacities MEff(n*) The effective mining capacity available to extract material from the deposit and rehandle material during the active mining increment (t p.a.) MExt(n*) The mining capacity available to extract material from the deposit during the active mining increment (t p.a.) MRH(n*) The additional mining capacity available to rehandle material during the active mining increment (t p.a.) CEff(n*) The effective capacity of the concentrator to treat direct feed and upgraded ore extracted from the deposit during the active mining increment (t p.a.) C(n*) The capacity of the concentrator at the active mining increment (t p.a.) REff(n*) The effective capacity of marketing and refining the recovered product from direct feed and upgraded ore extracted from the deposit during the active mining increment (g Aue p.a.) R(n*) The capacity of marketing and refining the product recovered during the active mining increment (g Aue p.a.) PC(n*) The available capacity of pre-concentration facilities during the active mining increment (t p.a.) 
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Notation Definition Time  
τi(n*) The start time of the active mining increment (years) yi(n*) The start year of the active mining increment (year) 
τf(n*-1) The end time of the previous mining increment (years) yf(n*-1) The end year of the previous mining increment (year) 
τsw The total time required to rehandle, treat, market and refine the ore withdrawn from a stockpile from the previous iteration of the mining increment (years) 
τm The time required to extract and rehandle one tonne of the resource (years) 
τf(N) The end time for the development of the last mining increment (years) 
τf(n*) The end time for the active mining increment (years) 
τrs The estimated residence time of material allocated to a stockpile (years) 
τ�RΣS The tonnes weighted average time of material in the accumulated stockpile (years) 
τf(n*) The end time of the active mining increment (years) 
τf(n) The end time of a mining increment (years) 
τM(n*) The time required by the mining component to extract and rehandle material during the active mining increment (years) 
τC(n*) The time required by the concentration component to treat direct feed, upgraded ore and stockpiled ore during the active mining increment (years) 
τPC(n*) The time required by the pre-concentration component to treat and rehandle material sent to pre-concentration during the active mining increment (years) 
τR(n*) The time required by the refining component to refine and market the recovered product during the active mining increment (years) 
τ(n*) The total time required to extract, treat and refine the material movements during the active mining increment (years) 
τf(n*) The end time of the active mining increment (years) 
τf(N) The end time of the final mining increment including the depletion of the stockpile (years) Grade  g(b*+1) The upper bound grade of the selected grade-tonnage bin (g/t Aue) g(b*) The lower bound grade of the selected grade-tonnage bin (g/t Aue) gdf The cut-off grade for direct feed to the concentrator (g/t Aue) g(k*) The lower bound grade of the selected cut-off grade interval (g/t Aue) 
ḡdf The average grade of direct feed to the concentrator (g/t Aue) 
ḡpc The average grade of material sent to pre-concentration (g/t Aue) 
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Notation Definition Grade  
ḡc The average grade of ore sent to the concentrator (g/t Aue) 
ḡdf(k*) The average grade of direct feed to the concentrator if the selected cut-off grade interval is equal to the cut-off grade for direct feed (g/t Aue)  
ḡpc(k*) The average grade of material sent to pre-concentration if the selected cut-off grade interval is equal to the cut-off grade for direct feed (g/t Aue) 
ḡc(k*) The average grade of direct feed and upgraded ore treated at the concentrator if the selected cut-off grade interval is the cut-off grade for direct feed (g/t Aue) Gdf[gpc=g(k)] The optimum cut-off grade for direct feed at the fixed cut-off grade for pre-concentration (g/t Aue) G(n*) The optimum combination of cut-off grades for direct feed and pre-concentration at the active mining increment (g/t Aue) Gdf The optimum cut-off grade for direct feed (g/t Aue) Gpc The optimum cut-off grade for pre-concentration (g/t Aue) 
ḡdf(G) The average grade of direct feed at the optimum cut-off grades for direct feed and pre-concentration (g/t Aue)  
ḡpc(G) The average grade of material to pre-concentration at the optimum cut-off grades for direct feed and pre-concentration (g/t Aue) 
ḡc(G) The average grade of direct feed and upgraded ore at the concentrator under the optimum cut-off grades for direct feed and pre-concentration (g/t Aue) gs The economic cut-off grade for stockpiling intermediate grade ore (g/t Aue) 
ḡs(G) The average grade of material allocated to the stockpile at the optimum cut-off grades for direct feed and pre-concentration (g/t Aue) 
ḡΣS (n*) The average grade of the accumulated stockpile at the active mining increment (g/t Aue) Adj Gdf The adjusted optimum cut-off grade to direct feed incorporating the stockpile withdrawals (g/t Aue) Adj Gpc The adjusted optimum cut-off grade to pre-concentration incorporating stockpile withdrawals (g/t Aue) 
ḡdf(Adj G) The average grade of direct feed to the concentrator under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (g/t Aue) 
ḡpc(Adj G) The average grade of material sent to pre-concentration under the adjusted optimal cut-off grades for direct feed and pre-concentration incorporating stockpile withdrawals (g/t Aue) Adj G The adjusted optimal cut-off grade policy for direct feed and pre-concentration incorporating the stockpile withdrawals for the active mining increment Adj ḡc(n*) The adjusted average grade of direct feed, upgraded ore and stockpiled ore sent to the concentrator during the active mining increment (g/t Aue) 
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Notation Definition Grade  
ḡΣs;Au(n*) The average gold grade of the accumulated stockpile at the selected mining increment (g/t Au) 
ḡΣs;Cu(n*) The average copper grade of the accumulated stockpile at the selected mining increment (% Cu) Economic Inputs  P The sale price for a unit of the refined product ($/g Au) r The cost of refining a unit of product ($/g Au) c The cost of treating one tonne of ore at the concentrator ($/t) pc The cost of treating one tonne of material at pre-concentration ($/t) m The average cost of mining one tonne of material ($/t) f The fixed costs of production ($ p.a.) ms The present cost of mining and stockpiling one  tonne of material ($/t)  mw The present cost of mining a tonne waste ($/t)  fs The annual cost of maintaining a tonne of stockpiled material ($/t p.a.) s The future cost of withdrawing a tonne of material from the stockpile and rehandling it to the concentrator ($/t) z The weighted average value of the economic variable examined [P ($/g Aue), mbase ($/t), cbase ($/t), rbase ($/g Aue), pcbase ($/t), sbase ($/t), f ($ p.a.), d ($/L), l 
($/kWh), ε ($/kg), ng ($/GJ), and e ($/t CO2e)] for the duration of the selected mining increment z(yi) The value of the economic variable examined at the start year of the selected mining increment z(yi+1) The value of the economic variable examined one year after the start year of the selected mining increment z(yf+1) The value of the economic variable examined one year after the end year of the selected mining increment z(yf) The value of the economic variable examined at the end year of the selected mining increment z(y) The value of the economic variable examined at year y  z(y+1) The value of the economic variable examined one year after year y u The variable unit cost for a selected operational component [m ($/t), c ($/t), r ($/g Aue), pc ($/t), s ($/t)] ubase The non-energy, variable unit base cost of the selected operational component [mbase ($/t), cbase ($/t), rbase ($/g Aue), pcbase ($/t), sbase ($/t)] d The average price of diesel during the selected mining increment ($/L) l The average price of electricity during the selected mining increment ($/kWh) 
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Notation Definition Economic Inputs  
ε The average price of explosive during the selected mining increment ($/kg) ng The average price of natural gas during the selected mining increment ($/GJ) e The average price of scope 1 carbon dioxide equivalent emissions during the selected mining increment ($/t CO2e) Present Value and Opportunity Cost 
δ The discount rate (%) V The present value of remaining resources ($) F The opportunity costs of production ($) V(n*,I*) The present value of remaining resources for the active mining increment at the active iteration ($) V(n*,I*-1) The present value of remaining resources for the active mining increment at the previous iteration ($) F(n*,I*) The opportunity costs of production for the active mining increment at the active iteration ($) F(n*,I*-1) The opportunity costs of production for the active mining increment at the previous iteration ($) SV The salvage value of the operation upon exhaustion of the resource ($) CF(n) The cash flow generated from production of a mining increment ($) F(n*) The opportunity costs of production at the selected mining increment ($) dV/dT The rate of change in the present value of the remaining resources of the deposit with respect to time ($) V(τi) The present value of remaining resources at the start of the selected mining increment ($) V(τf) The present value of remaining resources at the start of the selected mining increment if production of these resources were delayed until the end time of the selected mining increment ($) V(I*) The present value of the deposit at the active iteration V(I*-1) The present value of the deposit at the previous iteration V The present value of the deposit at the beginning of the project ($) CI The present value of the capital investment at the beginning of the project ($) vm The incremental rate of change in present value of the deposit under a mining constraint ($/t) vpc The incremental rate of change in present value of the deposit under a pre-concentration constraint ($/t) vc The incremental rate of change in present value of the deposit under a concentrator constraint ($/t) 
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Notation Definition Present Value and Opportunity Cost vr The incremental rate of change in present value of the deposit under a marketing or refining constraint ($/t) vm(k*) The incremental rate of change in present value of the deposit under a mining constraint if the selected cut-off grade interval is equal to the cut-off grade for direct feed ($/t) vc(k*) The incremental rate of change in present value of the deposit under a concentrator constraint if the selected cut-off grade interval is equal to the cut-off grade for direct feed ($/t) ($/t) vpc(k*) The incremental rate of change in present value of the deposit under a pre-concentration constraint if the selected cut-off grade interval is equal to the cut-off grade for direct feed ($/t) vr(k*) The rate of change in present value of the deposit under a marketing  or refining constraint if the selected cut-off grade interval is equal to the cut-off grade for direct feed ($/t)  vlim The limiting incremental rate of change in present value of the deposit ($/t) vlim(k*) The limiting incremental rate of change in present value of the deposit under the component constraints for the selected cut-off grade interval ($/t) v[Gdf,gpc=g(k)] The incremental rate of change in present value of the deposit under the optimum cut-off grade for direct feed and the fixed cut-off grade for pre-concentration ($/t) vlim(k1) The limiting incremental rate of change in present value of the deposit under the effective component constraints at the first cut-off grade interval ($/t) vlim(k2) The limiting incremental rate of change in present value of the deposit under the effective component constraints at the second cut-off grade interval ($/t) vlim(K) The limiting incremental rate of change in present value of the deposit under the effective component constraints at the final cut-off grade interval ($/t) v(Gdf, Gpc) The incremental rate of change in present value of the deposit at the optimum cut-off grade for direct feed and pre-concentration ($/t) v(Gdf[gpc=g(k1)]) The incremental rate of change in present value of the deposit under the optimum cut-off grade for direct feed and the first cut-off grade for pre-concentration ($/t) v(Gdf[gpc=g(k2)]) The incremental rate of change in present value of the deposit under the optimum cut-off grade for direct feed and the second cut-off grade for pre-concentration ($/t) v(Gdf[gpc=g(K)]) The incremental rate of change in present value of the deposit under the optimum cut-off grade for direct feed and the final cut-off grade for pre-concentration ($/t) vc(Gdf) The incremental rate of change in the present value of the deposit at the concentrator for a tonne of ore at the optimum cut-off grade for direct feed ($/t) 
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Notation Definition Present Value and Opportunity Cost vsw The incremental rate of change in the present value of the deposit at the concentrator for a tonne of material withdrawn from the stockpile ($/t) vc(Gpc) The incremental rate of change in the present value of the deposit at the concentrator for a tonne of upgraded ore at the optimum cut-off grade for pre-concentration ($/t)  vs(gs) The present value of stockpiling one tonne of intermediate grade ore at the cut-off grade for stockpiling ($/t) Energy and Emissions qd(u) The quantity of diesel consumed by the selected operational component for a particular mining increment (L) ql(u) The quantity of electricity consumed by the selected operational component for a particular mining increment (kWh) qx(u) The quantity of explosives consumed by the selected operational component for a particular mining increment (kg) qng(u) The quantity of natural gas consumed by the selected operational component for a particular mining increment (GJ) qe1(u) The quantity of scope 1 carbon dioxide equivalent emissions directly generated by the selected operational component for a particular mining increment (t CO2e) qe2(u) The quantity of scope 2 carbon dioxide equivalent emissions produced from the generation of electricity consumed by the selected operational component for a particular mining increment (t CO2e) ed The carbon dioxide equivalent emissions generated per litre of diesel consumed (CO2e t/L) el The carbon dioxide equivalent emissions generated per kilowatt hour of electricity consumed (CO2e t/kWh) eε The carbon dioxide equivalent emissions generated per kilogram of explosive detonated (CO2e t/kg) eng The carbon dioxide equivalent emissions generated per gigajoule of natural gas consumed (CO2e t/GJ) qd(m) The quantity of diesel required to mine the selected mining increment (L) dw The quantity of diesel required to mine one tonne of waste at the selected mining increment (L/t) do The quantity of diesel required to mine one tonne of ore at the selected mining increment (L/t) qε(m) The quantity of explosive required to mine the selected mining increment (kg) 
εw The quantity of explosive required to mine one tonne of waste at the selected mining increment (kg/t) 
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Notation Definition Energy and Emissions 
εo The quantity of explosive required to mine one tonne of ore at the selected mining increment (kg/t) ql(m) The quantity of electricity required to mine the selected mining increment (kWh) lm The quantity of electricity required to mine one tonne of rock at the selected mining increment (kWh/t) qd(pc) The quantity of diesel required to rehandle pre-concentrated material at the selected mining increment (L) dpc The quantity of diesel required to rehandle the pre-concentrated material from the allocation of one tonne of material to pre-concentration at the selected mining increment (L/t) ql(pc) The quantity of electricity required to pre-concentrate allocated material at the selected mining increment (kWh) lpc The quantity of electricity required to pre-concentrate one tonne of allocated material at the selected mining increment (kWh/t) qε(pc) The additional quantity of explosive required to blast the allocated material to pre-concentration during the selected mining increment (kg) 
εpc The quantity of additional explosive required to blast one tonne of allocated material to pre-concentration during the selected mining increment (kg/t) qd(sw) The quantity of diesel required to withdraw ore from the accumulated stockpile at the selected mining increment (L) dsw The quantity of diesel required to withdraw one tonne of ore from the accumulated stockpile at the selected mining increment (L/t) ql(sw) The quantity of electricity required to withdraw ore from the accumulated stockpile during the selected mining increment (kWh) lsw The quantity of electricity required to withdraw one tonne of ore from the accumulated stockpile during the selected mining increment (kWh/t) ql(c) The quantity of electricity required to concentrate the ore processed during the selected mining increment (kWh) lc The quantity of electricity required to concentrate one tonne of ore during the selected mining increment (kWh/t ore) qng(r) The total quantity of natural gas required to refine the recovered product at the selected mining increment (GJ) ngg;Au The quantity of natural gas required to refine an ounce of gravity recovered gold during selected mining increment (GJ/oz Au) ngcon The quantity of natural gas required to refine a tonne of the copper-gold concentrate recovered during the selected mining increment (GJ/t) ql(r) The total quantity of electricity required to refine the recovered product at the selected mining increment (kWh) 
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Notation Definition Energy and Emissions lg;Au The quantity of electricity required to refine an ounce of gravity recovered gold during selected mining increment (kWh/oz Au) lcon The quantity of electricity required to refine a tonne of the copper-gold concentrate recovered during the selected mining increment (kWh/oz Au) CF(n*) The cash flow generated from the production of the selected mining increment ($) V(n*) The present value of reaming resources in the deposit at the selected mining increment ($) JZ(n) The calorific energy consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (J) qd(Z) The quantity of diesel consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (L) qε(Z) The quantity of explosive consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (kg) ql(Z) The quantity of electricity consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (kWh) qng(Z) The quantity of natural gas consumed by the operational component Z (M, C, R, S or PC) for the selected mining increment (J) Jd The calorific energy contained in one litre of diesel (J/L) Jε The calorific energy contained in one kilogram of explosive (J/kg) Jl The calorific energy contained in one kilowatt hour of electricity (J/kWh) JDep The energy consumed by the entire deposit (J) JM(n) The energy consumed by the mining component at mining increment n (J) JS(n) The energy consumed by the withdrawal of stockpiled ore at mining increment n (J) JPC(n) The energy consumed by the pre-concentration at mining increment n (J) JC(n) The energy consumed by the concentrator at mining increment n (J) JR(n) The energy consumed by refining at mining increment n (J) EDep The quantity of carbon dioxide equivalent emissions generated by the energy consumption of the entire deposit (t CO2e) EM(n) The quantity of carbon dioxide equivalent emissions generated by the energy consumption of the mining component at mining increment n (t CO2e) ES(n) The quantity of carbon dioxide equivalent emissions generated by the energy consumption of stockpile withdrawal at mining increment n (t CO2e) EPC(n) The quantity of carbon dioxide equivalent emissions generated by the energy consumption of pre-concentration at mining increment n (t CO2e) 
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Notation Definition Energy and Emissions EC(n) The quantity of carbon dioxide equivalent emissions generated by the energy consumption of concentration at mining increment n (t CO2e) ER(n) The quantity of carbon dioxide equivalent emissions generated by the energy consumption of the refining component at mining increment n (t CO2e) 
ĴZ The energy intensity of production for operational component Z (M, C, R, S, or PC) (J/g Aue)  ÊZ The carbon dioxide equivalent emission intensity for operational component Z (M, C, R, S, or PC)  (t CO2e/g Aue)  Ez(n) The carbon dioxide equivalent emissions generated by the energy consumption of operational component Z (M, C, R, S or PC) during the selected mining increment (t CO2e)  
ĴDep The energy intensity of production for the deposit (J/g Aue) ÊDep The carbon dioxide equivalent emission intensity of production for the deposit    (t CO2e/g Aue) 
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Appendix D:  Grade Tonnage Distribution of Mining Increments  
Appendix D provides the grade-tonnage distribution of the mining increments for the case 
site detailed in Chapter 4.   Table D.1: Grade-Tonnage Distribution of Mining Increments (Chapter 4)  Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 1 0.00 0.05 8,925,799 1,697 10.6 3,394 1 0.05 0.10 0 0 0.0 0 1 0.10 0.15 263,655 15,071 72.7 26,708 1 0.15 0.20 280,601 24,424 110.4 42,090 1 0.20 0.25 306,427 35,693 160.0 61,285 1 0.25 0.30 296,951 43,400 192.7 74,238 1 0.30 0.35 271,490 47,790 210.4 81,447 1 0.35 0.40 240,791 49,621 216.6 84,277 1 0.40 0.45 210,133 49,651 215.0 84,053 1 0.45 0.50 181,840 48,484 208.4 81,828 1 0.50 0.55 156,738 46,568 198.8 78,369 1 0.55 0.60 134,934 44,219 187.5 74,214 1 0.60 0.65 116,213 41,653 175.5 69,728 1 0.65 0.70 100,234 39,016 163.4 65,152 1 0.70 0.75 86,634 36,400 151.5 60,643 1 0.75 0.80 75,065 33,868 140.2 56,298 1 0.80 0.85 65,217 31,453 129.5 52,174 1 0.85 0.90 56,822 29,176 119.5 48,299 1 0.90 0.95 49,651 27,046 110.2 44,686 1 0.95 1.00 43,509 25,064 101.7 41,334 1 1.00 1.05 38,236 23,228 93.8 38,236 1 1.05 1.10 33,696 21,530 86.6 35,381 1 1.10 1.15 29,776 19,965 79.9 32,754 1 1.15 1.20 26,382 18,522 73.9 30,340 1 1.20 1.25 23,435 17,195 68.3 28,122 1 1.25 1.30 20,869 15,974 63.2 26,087 1 1.30 1.35 18,629 14,850 58.5 24,218 1 1.35 1.40 16,668 13,817 54.3 22,501 1 1.40 1.45 14,946 12,865 50.4 20,925 1 1.45 1.50 13,432 11,990 46.8 19,476 1 1.50 1.55 12,096 11,183 43.5 18,144 1 1.55 1.60 10,915 10,440 40.5 16,918 1 1.60 1.65 9,868 9,754 37.7 15,789 1 1.65 1.70 8,939 9,121 35.2 14,749 1 1.70 1.75 8,111 8,537 32.8 13,789 1 1.75 1.80 7,373 7,996 30.7 12,903 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 1 1.80 1.85 6,714 7,496 28.7 12,085 1 1.85 1.90 6,123 7,033 26.8 11,328 1 1.90 1.95 5,594 6,604 25.1 10,628 1 1.95 2.00 5,117 6,207 23.6 9,979 1 2.00 2.05 4,689 5,837 22.1 9,377 1 2.05 2.10 4,302 5,494 20.8 8,819 1 2.10 2.15 3,953 5,175 19.5 8,300 1 2.15 2.20 3,636 4,878 18.4 7,818 1 2.20 2.25 3,350 4,601 17.3 7,370 1 2.25 2.30 3,090 4,343 16.3 6,952 1 2.30 2.35 2,853 4,103 15.4 6,563 1 2.35 2.40 2,638 3,878 14.5 6,199 1 2.40 2.45 2,442 3,668 13.7 5,860 1 2.45 2.50 2,263 3,472 12.9 5,544 1 2.50 2.55 2,099 3,288 12.2 5,248 1 2.55 2.60 1,949 3,116 11.6 4,971 1 2.60 2.65 1,812 2,955 11.0 4,711 1 2.65 2.70 1,686 2,804 10.4 4,468 1 2.70 2.75 1,570 2,662 9.9 4,240 1 2.75 2.80 1,464 2,529 9.4 4,026 1 2.80 2.85 1,366 2,404 8.9 3,825 1 2.85 2.90 1,276 2,286 8.4 3,636 1 2.90 2.95 1,193 2,175 8.0 3,459 1 2.95 3.00 1,116 2,071 7.6 3,291 1 3.00 3.05 1,045 1,972 7.3 3,134 1 3.05 3.10 979 1,880 6.9 2,986 1 3.10 3.15 918 1,792 6.6 2,846 1 3.15 3.20 862 1,710 6.3 2,714 1 3.20 3.25 809 1,632 6.0 2,590 1 3.25 3.30 761 1,558 5.7 2,472 1 3.30 3.35 715 1,488 5.5 2,361 1 3.35 3.40 673 1,422 5.2 2,256 1 3.40 3.45 634 1,360 5.0 2,156 1 3.45 3.50 598 1,301 4.8 2,062 1 3.50 3.55 564 1,245 4.6 1,973 1 3.55 3.60 532 1,191 4.4 1,888 1 3.60 3.65 502 1,141 4.2 1,808 1 3.65 3.70 475 1,093 4.0 1,732 1 3.70 3.75 449 1,048 3.8 1,660 1 3.75 3.80 424 1,005 3.7 1,591 1 3.80 3.85 402 964 3.5 1,526 1 3.85 3.90 380 925 3.4 1,464 1 3.90 3.95 360 888 3.2 1,405 1 3.95 4.00 342 852 3.1 1,350 1 4.00 4.05 632 1,605 5.9 2,542 
Appendix D: Grade-Tonnage Distribution  Michael Scott 
 
D-3 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 1 4.05 4.10 0 0 0.0 0 1 4.10 4.15 292 756 2.8 1,197 1 4.15 4.20 541 1,426 5.2 2,258 1 4.20 4.25 251 673 2.5 1,065 1 4.25 4.30 0 0 0.0 0 1 4.30 4.35 238 648 2.4 1,025 1 4.35 4.40 227 623 2.3 987 1 4.40 4.45 216 600 2.2 951 1 4.45 4.50 206 578 2.1 916 1 4.50 4.55 196 557 2.0 882 1 4.55 4.60 187 537 2.0 851 1 4.60 4.65 178 518 1.9 820 1 4.65 4.70 170 499 1.8 791 1 4.70 4.75 162 482 1.8 763 1 4.75 4.80 155 465 1.7 736 1 4.80 4.85 290 882 3.2 1,397 1 4.85 4.90 0 0 0.0 0 1 4.90 4.95 135 418 1.5 663 1 4.95 >5 129 404 1.5 640 2 0.00 0.05 16,736,184 7,757 48.5 15,514 2 0.05 0.10 0 0 0.0 0 2 0.10 0.15 1,148,899 70,948 274.6 114,890 2 0.15 0.20 1,942,582 181,856 684.6 291,387 2 0.20 0.25 2,397,990 302,027 1,109.8 479,598 2 0.25 0.30 2,560,655 406,751 1,458.8 640,164 2 0.30 0.35 2,535,778 487,488 1,707.8 760,733 2 0.35 0.40 2,406,640 544,123 1,863.8 842,324 2 0.40 0.45 2,559,240 668,224 2,214.6 1,022,567 2 0.45 0.50 2,029,819 598,811 1,966.3 913,419 2 0.50 0.55 1,832,556 604,784 1,946.8 916,278 2 0.55 0.60 1,645,087 601,086 1,898.2 904,798 2 0.60 0.65 1,471,997 590,376 1,830.1 883,198 2 0.65 0.70 1,314,963 574,737 1,749.9 854,726 2 0.70 0.75 1,174,046 555,769 1,662.9 821,832 2 0.75 0.80 1,048,452 534,681 1,572.9 786,339 2 0.80 0.85 936,978 512,381 1,482.5 749,582 2 0.85 0.90 838,270 489,535 1,393.7 712,529 2 0.90 0.95 750,964 466,634 1,307.7 675,867 2 0.95 1.00 673,762 444,027 1,225.3 640,074 2 1.00 1.05 605,471 421,961 1,146.9 605,471 2 1.05 1.10 545,016 400,604 1,072.9 572,266 2 1.10 1.15 491,438 380,067 1,003.2 540,582 2 1.15 1.20 443,893 360,414 937.9 510,477 2 1.20 1.25 401,641 341,680 876.8 481,969 2 1.25 1.30 364,032 323,874 819.8 455,040 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 2 1.30 1.35 330,503 306,990 766.6 429,653 2 1.35 1.40 300,560 291,008 717.2 405,756 2 1.40 1.45 273,775 275,902 671.1 383,284 2 1.45 1.50 249,773 261,637 628.3 362,171 2 1.50 1.55 228,230 248,178 588.5 342,345 2 1.55 1.60 208,861 235,485 551.6 323,734 2 1.60 1.65 191,417 223,519 517.2 306,268 2 1.65 1.70 175,682 212,242 485.2 289,876 2 1.70 1.75 161,466 201,614 455.5 274,492 2 1.75 1.80 148,602 191,598 427.8 260,053 2 1.80 1.85 136,942 182,159 402.1 246,496 2 1.85 1.90 126,360 173,260 378.2 233,766 2 1.90 1.95 116,740 164,871 355.9 221,807 2 1.95 2.00 107,984 156,958 335.1 210,568 2 2.00 2.05 100,002 149,494 315.7 200,003 2 2.05 2.10 92,715 142,450 297.6 190,066 2 2.10 2.15 86,055 135,799 280.7 180,717 2 2.15 2.20 79,960 129,519 265.0 171,915 2 2.20 2.25 74,375 123,585 250.3 163,625 2 2.25 2.30 69,250 117,976 236.5 155,814 2 2.30 2.35 64,543 112,672 223.6 148,449 2 2.35 2.40 60,214 107,655 211.5 141,503 2 2.40 2.45 56,228 102,906 200.3 134,947 2 2.45 2.50 52,554 98,409 189.7 128,757 2 2.50 2.55 49,164 94,150 179.8 122,910 2 2.55 2.60 46,032 90,113 170.4 117,383 2 2.60 2.65 43,137 86,285 161.7 112,156 2 2.65 2.70 40,457 82,653 153.5 107,211 2 2.70 2.75 37,974 79,207 145.8 102,529 2 2.75 2.80 35,671 75,935 138.5 98,096 2 2.80 2.85 33,534 72,827 131.7 93,894 2 2.85 2.90 31,548 69,873 125.2 89,911 2 2.90 2.95 29,701 67,065 119.2 86,133 2 2.95 3.00 27,982 64,394 113.5 82,548 2 3.00 3.05 26,381 61,852 108.1 79,144 2 3.05 3.10 24,889 59,432 103.0 75,911 2 3.10 3.15 23,496 57,127 98.2 72,838 2 3.15 3.20 22,196 54,931 93.7 69,916 2 3.20 3.25 20,980 52,838 89.4 67,138 2 3.25 3.30 19,844 50,842 85.3 64,493 2 3.30 3.35 18,780 48,937 81.5 61,976 2 3.35 3.40 17,784 47,120 77.9 59,578 2 3.40 3.45 16,851 45,385 74.4 57,293 2 3.45 3.50 15,975 43,727 71.2 55,115 2 3.50 3.55 15,154 42,144 68.1 53,038 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 2 3.55 3.60 14,382 40,630 65.2 51,056 2 3.60 3.65 13,657 39,183 62.4 49,164 2 3.65 3.70 12,975 37,798 59.7 47,358 2 3.70 3.75 12,333 36,474 57.2 45,633 2 3.75 3.80 11,729 35,205 54.9 43,984 2 3.80 3.85 11,160 33,991 52.6 42,409 2 3.85 3.90 10,624 32,828 50.5 40,901 2 3.90 3.95 10,118 31,713 48.4 39,460 2 3.95 4.00 9,641 30,644 46.5 38,080 2 4.00 4.05 9,190 29,620 44.6 36,759 2 4.05 4.10 8,764 28,637 42.9 35,494 2 4.10 4.15 8,362 27,693 41.2 34,282 2 4.15 4.20 7,981 26,788 39.6 33,121 2 4.20 4.25 7,621 25,919 38.1 32,007 2 4.25 4.30 7,280 25,084 36.6 30,940 2 4.30 4.35 6,957 24,282 35.2 29,915 2 4.35 4.40 6,651 23,511 33.9 28,932 2 4.40 4.45 6,361 22,771 32.6 27,989 2 4.45 4.50 6,086 22,058 31.4 27,083 2 4.50 4.55 5,825 21,373 30.2 26,212 2 4.55 4.60 5,577 20,713 29.1 25,376 2 4.60 4.65 5,342 20,079 28.1 24,573 2 4.65 4.70 5,118 19,468 27.1 23,800 2 4.70 4.75 4,906 18,880 26.1 23,057 2 4.75 4.80 4,704 18,313 25.2 22,342 2 4.80 4.85 4,511 17,767 24.3 21,655 2 4.85 4.90 4,328 17,241 23.4 20,993 2 4.90 4.95 4,154 16,734 22.6 20,355 2 4.95 >5 3,988 16,245 21.9 19,742 3 0.00 0.05 23,548,609 7,194 45.0 14,388 3 0.05 0.10 0 0 0.0 0 3 0.10 0.15 1,083,808 67,069 258.2 108,381 3 0.15 0.20 1,854,246 173,959 651.1 278,137 3 0.20 0.25 2,309,523 291,522 1,064.9 461,905 3 0.25 0.30 2,483,697 395,417 1,409.4 620,924 3 0.30 0.35 2,473,896 476,697 1,659.2 742,169 3 0.35 0.40 2,359,468 534,734 1,819.2 825,814 3 0.40 0.45 2,503,793 665,888 2,184.7 1,015,436 3 0.45 0.50 2,005,973 593,264 1,933.9 902,688 3 0.50 0.55 1,817,064 601,213 1,920.7 908,532 3 0.55 0.60 1,636,081 599,365 1,878.0 899,845 3 0.60 0.65 1,467,939 590,324 1,815.2 880,763 3 0.65 0.70 1,314,621 576,153 1,739.7 854,503 3 0.70 0.75 1,176,451 558,450 1,656.7 823,515 3 0.75 0.80 1,052,849 538,435 1,570.0 789,637 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 3 0.80 0.85 942,786 517,029 1,482.5 754,229 3 0.85 0.90 845,042 494,919 1,396.0 718,286 3 0.90 0.95 758,358 472,611 1,311.9 682,523 3 0.95 1.00 681,522 450,475 1,231.1 647,446 3 1.00 1.05 613,402 428,773 1,153.9 613,402 3 1.05 1.10 552,973 407,689 1,080.8 580,621 3 1.10 1.15 499,315 387,345 1,011.9 549,246 3 1.15 1.20 451,613 367,820 947.1 519,355 3 1.20 1.25 409,148 349,158 886.4 490,978 3 1.25 1.30 371,290 331,378 829.6 464,113 3 1.30 1.35 337,487 314,480 776.6 438,733 3 1.35 1.40 307,256 298,452 727.2 414,796 3 1.40 1.45 280,176 283,272 681.1 392,246 3 1.45 1.50 255,879 268,912 638.2 371,024 3 1.50 1.55 234,043 255,340 598.3 351,064 3 1.55 1.60 214,387 242,521 561.1 332,299 3 1.60 1.65 196,664 230,418 526.5 314,663 3 1.65 1.70 180,660 218,995 494.3 298,090 3 1.70 1.75 166,186 208,215 464.4 282,516 3 1.75 1.80 153,074 198,042 436.5 267,879 3 1.80 1.85 141,179 188,443 410.5 254,122 3 1.85 1.90 130,372 179,384 386.3 241,189 3 1.90 1.95 120,540 170,833 363.7 229,026 3 1.95 2.00 111,581 162,759 342.7 217,584 3 2.00 2.05 103,408 155,135 323.0 206,816 3 2.05 2.10 95,941 147,932 304.7 196,680 3 2.10 2.15 89,111 141,126 287.5 187,133 3 2.15 2.20 82,855 134,692 271.5 178,138 3 2.20 2.25 77,118 128,607 256.6 169,659 3 2.25 2.30 71,850 122,851 242.6 161,662 3 2.30 2.35 67,007 117,403 229.5 154,117 3 2.35 2.40 62,551 112,245 217.2 146,994 3 2.40 2.45 58,445 107,359 205.7 140,267 3 2.45 2.50 54,657 102,730 194.9 133,910 3 2.50 2.55 51,160 98,340 184.8 127,901 3 2.55 2.60 47,928 94,177 175.2 122,217 3 2.60 2.65 44,938 90,227 166.3 116,838 3 2.65 2.70 42,168 86,477 157.9 111,746 3 2.70 2.75 39,601 82,916 150.0 106,922 3 2.75 2.80 37,218 79,533 142.6 102,350 3 2.80 2.85 35,005 76,316 135.6 98,015 3 2.85 2.90 32,948 73,258 129.0 93,903 3 2.90 2.95 31,035 70,348 122.8 90,000 3 2.95 3.00 29,252 67,579 117.0 86,294 3 3.00 3.05 27,591 64,943 111.4 82,774 
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D-7 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 3 3.05 3.10 26,042 62,431 106.2 79,428 3 3.10 3.15 24,596 60,038 101.3 76,247 3 3.15 3.20 23,245 57,756 96.7 73,221 3 3.20 3.25 21,982 55,580 92.3 70,341 3 3.25 3.30 20,800 53,503 88.1 67,599 3 3.30 3.35 19,693 51,521 84.2 64,987 3 3.35 3.40 18,656 49,629 80.4 62,498 3 3.40 3.45 17,684 47,821 76.9 60,125 3 3.45 3.50 16,772 46,094 73.6 57,862 3 3.50 3.55 15,915 44,443 70.4 55,703 3 3.55 3.60 15,110 42,863 67.4 53,642 3 3.60 3.65 14,354 41,353 64.5 51,674 3 3.65 3.70 13,642 39,907 61.8 49,794 3 3.70 3.75 12,972 38,523 59.2 47,998 3 3.75 3.80 12,341 37,197 56.8 46,280 3 3.80 3.85 11,747 35,927 54.4 44,638 3 3.85 3.90 11,186 34,710 52.2 43,067 3 3.90 3.95 10,657 33,543 50.1 41,563 3 3.95 4.00 10,158 32,424 48.1 40,123 3 4.00 4.05 9,686 31,351 46.2 38,744 3 4.05 4.10 9,240 30,321 44.4 37,423 3 4.10 4.15 8,819 29,332 42.7 36,157 3 4.15 4.20 8,420 28,383 41.0 34,944 3 4.20 4.25 8,043 27,471 39.4 33,780 3 4.25 4.30 7,685 26,595 37.9 32,663 3 4.30 4.35 7,347 25,753 36.5 31,591 3 4.35 4.40 7,026 24,944 35.1 30,563 3 4.40 4.45 6,722 24,165 33.8 29,575 3 4.45 4.50 6,433 23,416 32.6 28,626 3 4.50 4.55 6,159 22,696 31.4 27,714 3 4.55 4.60 5,898 22,002 30.2 26,838 3 4.60 4.65 5,651 21,334 29.1 25,995 3 4.65 4.70 5,416 20,692 28.1 25,185 3 4.70 4.75 5,193 20,072 27.1 24,406 3 4.75 4.80 4,980 19,475 26.1 23,656 3 4.80 4.85 4,778 18,900 25.2 22,934 3 4.85 4.90 4,585 18,346 24.3 22,239 3 4.90 4.95 4,402 17,811 23.5 21,570 3 4.95 >5 4,227 17,296 22.7 20,925 4 0.00 0.05 24,113,048 7,692 48.1 15,384 4 0.05 0.10 0 0 0.0 0 4 0.10 0.15 1,139,330 70,357 272.4 113,933 4 0.15 0.20 1,926,398 180,340 678.9 288,960 4 0.20 0.25 2,378,006 299,510 1,100.6 475,601 4 0.25 0.30 2,539,313 403,361 1,446.7 634,828 
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D-8 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 4 0.30 0.35 2,514,640 483,424 1,693.6 754,392 4 0.35 0.40 2,386,577 539,587 1,848.2 835,302 4 0.40 0.45 2,537,906 662,651 2,196.2 1,014,040 4 0.45 0.50 2,012,894 593,817 1,949.9 905,802 4 0.50 0.55 1,817,275 599,740 1,930.6 908,637 4 0.55 0.60 1,631,369 596,073 1,882.4 897,253 4 0.60 0.65 1,459,721 585,452 1,814.9 875,833 4 0.65 0.70 1,303,996 569,943 1,735.3 847,597 4 0.70 0.75 1,164,254 551,133 1,649.0 814,978 4 0.75 0.80 1,039,707 530,221 1,559.7 779,780 4 0.80 0.85 929,162 508,106 1,470.1 743,330 4 0.85 0.90 831,277 485,452 1,382.1 706,586 4 0.90 0.95 744,699 462,741 1,296.8 670,229 4 0.95 1.00 668,141 440,322 1,215.1 634,734 4 1.00 1.05 600,420 418,440 1,137.4 600,420 4 1.05 1.10 540,469 397,262 1,063.9 567,492 4 1.10 1.15 487,338 376,895 994.9 536,072 4 1.15 1.20 440,190 357,407 930.1 506,218 4 1.20 1.25 398,289 338,829 869.5 477,947 4 1.25 1.30 360,995 321,171 812.9 451,243 4 1.30 1.35 327,745 304,428 760.3 426,068 4 1.35 1.40 298,052 288,580 711.2 402,370 4 1.40 1.45 271,490 273,599 665.5 380,086 4 1.45 1.50 247,689 259,454 623.1 359,149 4 1.50 1.55 226,326 246,106 583.6 339,488 4 1.55 1.60 207,118 233,519 547.0 321,033 4 1.60 1.65 189,820 221,654 512.9 303,712 4 1.65 1.70 174,216 210,470 481.2 287,457 4 1.70 1.75 160,119 199,931 451.7 272,202 4 1.75 1.80 147,361 189,999 424.3 257,882 4 1.80 1.85 135,800 180,638 398.8 244,439 4 1.85 1.90 125,305 171,814 375.0 231,815 4 1.90 1.95 115,766 163,495 352.9 219,956 4 1.95 2.00 107,083 155,648 332.3 208,811 4 2.00 2.05 99,167 148,246 313.0 198,334 4 2.05 2.10 91,941 141,260 295.1 188,480 4 2.10 2.15 85,337 134,666 278.4 179,208 4 2.15 2.20 79,293 128,438 262.8 170,480 4 2.20 2.25 73,754 122,553 248.2 162,259 4 2.25 2.30 68,672 116,991 234.5 154,513 4 2.30 2.35 64,004 111,732 221.7 147,210 4 2.35 2.40 59,711 106,756 209.8 140,322 4 2.40 2.45 55,759 102,047 198.6 133,821 4 2.45 2.50 52,115 97,588 188.1 127,683 4 2.50 2.55 48,754 93,364 178.3 121,884 
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D-9 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 4 2.55 2.60 45,648 89,360 169.0 116,403 4 2.60 2.65 42,777 85,564 160.3 111,220 4 2.65 2.70 40,119 81,963 152.2 106,316 4 2.70 2.75 37,657 78,546 144.5 101,673 4 2.75 2.80 35,373 75,301 137.3 97,277 4 2.80 2.85 33,254 72,219 130.6 93,110 4 2.85 2.90 31,284 69,290 124.2 89,161 4 2.90 2.95 29,453 66,505 118.2 85,414 4 2.95 3.00 27,749 63,856 112.5 81,859 4 3.00 3.05 26,161 61,335 107.2 78,483 4 3.05 3.10 24,681 58,935 102.1 75,277 4 3.10 3.15 23,300 56,650 97.4 72,230 4 3.15 3.20 22,010 54,472 92.9 69,333 4 3.20 3.25 20,805 52,397 88.6 66,577 4 3.25 3.30 19,678 50,417 84.6 63,955 4 3.30 3.35 18,624 48,529 80.8 61,458 4 3.35 3.40 17,636 46,726 77.2 59,080 4 3.40 3.45 16,710 45,006 73.8 56,814 4 3.45 3.50 15,842 43,362 70.6 54,655 4 3.50 3.55 15,027 41,792 67.5 52,595 4 3.55 3.60 14,262 40,291 64.6 50,629 4 3.60 3.65 13,543 38,856 61.9 48,754 4 3.65 3.70 12,867 37,483 59.2 46,963 4 3.70 3.75 12,230 36,169 56.8 45,252 4 3.75 3.80 11,631 34,911 54.4 43,617 4 3.80 3.85 11,067 33,707 52.2 42,054 4 3.85 3.90 10,535 32,554 50.0 40,560 4 3.90 3.95 10,033 31,448 48.0 39,130 4 3.95 4.00 9,560 30,388 46.1 37,762 4 4.00 4.05 9,113 29,372 44.3 36,452 4 4.05 4.10 8,691 28,397 42.5 35,198 4 4.10 4.15 8,292 27,462 40.8 33,996 4 4.15 4.20 7,914 26,564 39.2 32,844 4 4.20 4.25 7,557 25,703 37.7 31,740 4 4.25 4.30 7,219 24,875 36.3 30,681 4 4.30 4.35 6,899 24,079 34.9 29,665 4 4.35 4.40 6,596 23,315 33.6 28,691 4 4.40 4.45 6,308 22,580 32.3 27,755 4 4.45 4.50 6,035 21,874 31.1 26,857 4 4.50 4.55 5,776 21,194 30.0 25,994 4 4.55 4.60 5,531 20,540 28.9 25,164 4 4.60 4.65 5,297 19,911 27.9 24,367 4 4.65 4.70 5,076 19,305 26.8 23,601 4 4.70 4.75 4,865 18,722 25.9 22,864 4 4.75 4.80 4,664 18,160 25.0 22,156 
Appendix D: Grade-Tonnage Distribution  Michael Scott 
 
D-10 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 4 4.80 4.85 4,474 17,619 24.1 21,474 4 4.85 4.90 4,292 17,097 23.3 20,817 4 4.90 4.95 4,119 16,595 22.4 20,185 4 4.95 >5 3,955 16,110 21.7 19,577 5 0.00 0.05 28,791,114 4,795 30.0 9,591 5 0.05 0.10 0 0 0.0 0 5 0.10 0.15 761,947 46,537 185.4 76,195 5 0.15 0.20 1,371,347 126,480 495.1 205,702 5 0.20 0.25 1,774,645 219,721 845.0 354,929 5 0.25 0.30 1,966,145 306,497 1,156.5 491,536 5 0.30 0.35 2,006,054 377,932 1,399.3 601,816 5 0.35 0.40 1,951,930 431,942 1,570.2 683,176 5 0.40 0.45 1,845,256 469,685 1,677.6 738,102 5 0.45 0.50 1,713,034 493,545 1,733.2 770,865 5 0.50 0.55 1,571,902 506,147 1,748.8 785,951 5 0.55 0.60 1,431,665 509,923 1,734.3 787,416 5 0.60 0.65 1,297,788 506,958 1,698.2 778,673 5 0.65 0.70 1,173,057 498,970 1,647.0 762,487 5 0.70 0.75 1,277,627 589,193 1,923.7 896,979 5 0.75 0.80 954,710 473,129 1,518.1 716,033 5 0.80 0.85 860,949 457,201 1,447.2 688,759 5 0.85 0.90 776,711 440,197 1,375.0 660,205 5 0.90 0.95 701,231 422,611 1,303.1 631,108 5 0.95 1.00 633,698 404,813 1,232.5 602,013 5 1.00 1.05 573,319 387,082 1,164.0 573,319 5 1.05 1.10 519,340 369,622 1,098.0 545,307 5 1.10 1.15 471,068 352,578 1,035.0 518,175 5 1.15 1.20 427,871 336,053 975.0 492,052 5 1.20 1.25 389,183 320,116 918.1 467,019 5 1.25 1.30 354,495 304,809 864.4 443,119 5 1.30 1.35 323,358 290,157 813.8 420,365 5 1.35 1.40 295,373 276,168 766.2 398,754 5 1.40 1.45 270,189 262,839 721.4 378,264 5 1.45 1.50 247,493 250,161 679.4 358,865 5 1.50 1.55 227,012 238,117 640.0 340,518 5 1.55 1.60 208,504 226,687 603.1 323,181 5 1.60 1.65 191,755 215,848 568.5 306,808 5 1.65 1.70 176,577 205,576 536.1 291,352 5 1.70 1.75 162,804 195,846 505.8 276,767 5 1.75 1.80 150,288 186,631 477.3 263,005 5 1.80 1.85 138,900 177,905 450.7 250,021 5 1.85 1.90 128,525 169,644 425.8 237,771 5 1.90 1.95 119,059 161,823 402.4 226,212 5 1.95 2.00 110,412 154,418 380.5 215,303 5 2.00 2.05 102,503 147,406 360.0 205,007 
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D-11 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 5 2.05 2.10 95,261 140,765 340.8 195,285 5 2.10 2.15 88,621 134,474 322.7 186,105 5 2.15 2.20 82,526 128,513 305.7 177,432 5 2.20 2.25 76,925 122,864 289.8 169,236 5 2.25 2.30 71,772 117,508 274.9 161,488 5 2.30 2.35 67,026 112,429 260.8 154,160 5 2.35 2.40 62,650 107,611 247.6 147,229 5 2.40 2.45 58,612 103,039 235.2 140,668 5 2.45 2.50 54,880 98,699 223.5 134,456 5 2.50 2.55 51,429 94,577 212.5 128,573 5 2.55 2.60 48,234 90,662 202.1 122,998 5 2.60 2.65 45,274 86,941 192.3 117,712 5 2.65 2.70 42,528 83,404 183.1 112,699 5 2.70 2.75 39,979 80,039 174.4 107,943 5 2.75 2.80 37,611 76,838 166.2 103,429 5 2.80 2.85 35,408 73,792 158.4 99,142 5 2.85 2.90 33,358 70,891 151.1 95,069 5 2.90 2.95 31,448 68,128 144.2 91,198 5 2.95 3.00 29,667 65,495 137.6 87,518 5 3.00 3.05 28,006 62,985 131.4 84,017 5 3.05 3.10 26,454 60,592 125.6 80,686 5 3.10 3.15 25,005 58,309 120.0 77,514 5 3.15 3.20 23,649 56,130 114.8 74,494 5 3.20 3.25 22,380 54,050 109.8 71,616 5 3.25 3.30 21,192 52,063 105.1 68,872 5 3.30 3.35 20,078 50,165 100.6 66,257 5 3.35 3.40 19,033 48,351 96.3 63,762 5 3.40 3.45 18,053 46,617 92.3 61,380 5 3.45 3.50 17,133 44,958 88.4 59,107 5 3.50 3.55 16,268 43,371 84.8 56,936 5 3.55 3.60 15,454 41,853 81.3 54,862 5 3.60 3.65 14,689 40,399 78.0 52,880 5 3.65 3.70 13,969 39,006 74.9 50,985 5 3.70 3.75 13,290 37,672 71.9 49,173 5 3.75 3.80 12,650 36,393 69.0 47,439 5 3.80 3.85 12,047 35,167 66.3 45,779 5 3.85 3.90 11,478 33,991 63.7 44,190 5 3.90 3.95 10,940 32,864 61.3 42,668 5 3.95 4.00 10,433 31,781 58.9 41,210 5 4.00 4.05 9,953 30,743 56.7 39,812 5 4.05 4.10 9,499 29,745 54.5 38,472 5 4.10 4.15 9,070 28,787 52.5 37,188 5 4.15 4.20 8,664 27,867 50.6 35,955 5 4.20 4.25 8,279 26,982 48.7 34,772 5 4.25 4.30 7,914 26,132 46.9 33,637 
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D-12 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 5 4.30 4.35 7,569 25,314 45.2 32,546 5 4.35 4.40 7,241 24,527 43.6 31,499 5 4.40 4.45 6,930 23,771 42.0 30,493 5 4.45 4.50 6,635 23,042 40.5 29,526 5 4.50 4.55 6,355 22,341 39.1 28,596 5 4.55 4.60 6,088 21,666 37.7 27,702 5 4.60 4.65 5,835 21,016 36.4 26,842 5 4.65 4.70 5,594 20,389 35.2 26,014 5 4.70 4.75 5,366 19,785 34.0 25,218 5 4.75 4.80 5,148 19,203 32.8 24,451 5 4.80 4.85 4,940 18,642 31.7 23,713 5 4.85 4.90 4,743 18,101 30.6 23,002 5 4.90 4.95 4,554 17,579 29.6 22,317 5 4.95 >5 4,375 17,075 28.6 21,656 6 0.00 0.05 38,456,554 3,121 19.5 6,242 6 0.05 0.10 0 0 0.0 0 6 0.10 0.15 525,027 32,938 122.3 52,503 6 0.15 0.20 968,927 92,187 332.2 145,339 6 0.20 0.25 1,278,509 163,709 575.0 255,702 6 0.25 0.30 1,439,226 232,523 795.5 359,807 6 0.30 0.35 1,488,444 291,168 971.0 446,533 6 0.35 0.40 1,465,477 337,303 1,097.6 512,917 6 0.40 0.45 1,400,014 371,229 1,179.9 560,006 6 0.45 0.50 1,312,095 394,379 1,225.4 590,443 6 0.50 0.55 1,214,502 408,528 1,242.0 607,251 6 0.55 0.60 1,115,068 415,417 1,236.7 613,288 6 0.60 0.65 1,018,388 416,595 1,215.2 611,033 6 0.65 0.70 926,991 413,378 1,182.3 602,544 6 0.70 0.75 842,122 406,845 1,141.5 589,485 6 0.75 0.80 764,231 397,867 1,095.7 573,173 6 0.80 0.85 693,299 387,138 1,046.9 554,639 6 0.85 0.90 629,037 375,205 996.7 534,681 6 0.90 0.95 720,690 461,089 1,201.7 653,361 6 0.95 1.00 518,729 349,335 896.6 492,793 6 1.00 1.05 471,675 335,982 848.1 471,675 6 1.05 1.10 429,348 322,628 801.2 450,815 6 1.10 1.15 391,274 309,419 756.1 430,401 6 1.15 1.20 357,013 296,461 713.2 410,565 6 1.20 1.25 326,166 283,833 672.3 391,399 6 1.25 1.30 298,368 271,588 633.6 372,960 6 1.30 1.35 273,295 259,764 597.0 355,283 6 1.35 1.40 250,655 248,384 562.5 338,384 6 1.40 1.45 230,188 237,460 530.0 322,263 6 1.45 1.50 211,664 226,995 499.5 306,913 6 1.50 1.55 194,877 216,987 470.8 292,315 
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D-13 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 6 1.55 1.60 179,645 207,429 443.9 278,450 6 1.60 1.65 165,806 198,312 418.6 265,290 6 1.65 1.70 153,217 189,622 394.9 252,809 6 1.70 1.75 141,751 181,344 372.7 240,977 6 1.75 1.80 131,293 173,464 351.9 229,763 6 1.80 1.85 121,744 165,964 332.3 219,139 6 1.85 1.90 113,013 158,830 314.0 209,074 6 1.90 1.95 105,021 152,043 296.9 199,539 6 1.95 2.00 97,695 145,587 280.7 190,506 6 2.00 2.05 90,974 139,447 265.6 181,948 6 2.05 2.10 84,799 133,608 251.4 173,838 6 2.10 2.15 79,120 128,053 238.1 166,153 6 2.15 2.20 73,892 122,768 225.6 158,867 6 2.20 2.25 69,072 117,739 213.9 151,959 6 2.25 2.30 64,625 112,954 202.8 145,406 6 2.30 2.35 60,517 108,399 192.4 139,190 6 2.35 2.40 56,719 104,062 182.7 133,290 6 2.40 2.45 53,204 99,931 173.5 127,689 6 2.45 2.50 49,947 95,997 164.8 122,370 6 2.50 2.55 46,927 92,247 156.7 117,317 6 2.55 2.60 44,123 88,674 149.0 112,515 6 2.60 2.65 41,519 85,266 141.8 107,949 6 2.65 2.70 39,097 82,016 134.9 103,607 6 2.70 2.75 36,843 78,916 128.5 99,476 6 2.75 2.80 34,743 75,957 122.4 95,544 6 2.80 2.85 32,786 73,132 116.7 91,800 6 2.85 2.90 30,959 70,434 111.2 88,234 6 2.90 2.95 29,254 67,857 106.1 84,836 6 2.95 3.00 27,660 65,394 101.3 81,596 6 3.00 3.05 26,169 63,040 96.7 78,508 6 3.05 3.10 24,774 60,789 92.3 75,561 6 3.10 3.15 23,467 58,635 88.2 72,749 6 3.15 3.20 22,243 56,574 84.3 70,064 6 3.20 3.25 21,094 54,602 80.6 67,501 6 3.25 3.30 20,016 52,713 77.1 65,051 6 3.30 3.35 19,003 50,904 73.8 62,710 6 3.35 3.40 18,051 49,170 70.6 60,472 6 3.40 3.45 17,156 47,509 67.6 58,331 6 3.45 3.50 16,314 45,916 64.8 56,283 6 3.50 3.55 15,521 44,388 62.1 54,323 6 3.55 3.60 14,774 42,922 59.5 52,446 6 3.60 3.65 14,069 41,516 57.1 50,649 6 3.65 3.70 13,405 40,166 54.8 48,927 6 3.70 3.75 12,777 38,869 52.5 47,276 6 3.75 3.80 12,185 37,624 50.4 45,694 
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D-14 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 6 3.80 3.85 11,625 36,427 48.4 44,176 6 3.85 3.90 11,096 35,277 46.5 42,720 6 3.90 3.95 10,596 34,171 44.7 41,323 6 3.95 4.00 10,122 33,108 43.0 39,982 6 4.00 4.05 9,674 32,086 41.3 38,694 6 4.05 4.10 9,249 31,101 39.7 37,457 6 4.10 4.15 8,846 30,154 38.2 36,269 6 4.15 4.20 8,464 29,242 36.8 35,126 6 4.20 4.25 8,102 28,364 35.4 34,028 6 4.25 4.30 7,758 27,519 34.1 32,972 6 4.30 4.35 7,432 26,704 32.8 31,956 6 4.35 4.40 7,121 25,918 31.6 30,978 6 4.40 4.45 6,827 25,161 30.5 30,037 6 4.45 4.50 6,546 24,431 29.4 29,131 6 4.50 4.55 6,280 23,727 28.3 28,258 6 4.55 4.60 6,026 23,048 27.3 27,418 6 4.60 4.65 5,784 22,392 26.3 26,608 6 4.65 4.70 5,554 21,759 25.4 25,827 6 4.70 4.75 5,335 21,149 24.5 25,075 6 4.75 4.80 5,126 20,559 23.7 24,349 6 4.80 4.85 4,927 19,989 22.9 23,649 6 4.85 4.90 4,737 19,439 22.1 22,974 6 4.90 4.95 4,556 18,907 21.3 22,323 6 4.95 >5 4,383 18,393 20.6 21,694 7 0.00 0.05 20,034,030 14,649 91.6 29,297 7 0.05 0.10 0 0 0.0 0 7 0.10 0.15 2,412,089 159,664 606.7 256,740 7 0.15 0.20 2,677,367 252,216 933.7 401,605 7 0.20 0.25 2,979,890 378,630 1,358.4 595,978 7 0.25 0.30 2,934,689 471,107 1,641.0 733,672 7 0.30 0.35 2,721,246 529,424 1,793.4 816,374 7 0.35 0.40 2,444,324 559,939 1,847.3 855,513 7 0.40 0.45 2,157,923 569,837 1,833.3 863,169 7 0.45 0.50 1,887,445 565,274 1,775.5 849,350 7 0.50 0.55 1,643,225 551,012 1,691.3 821,612 7 0.55 0.60 1,427,999 530,561 1,592.7 785,399 7 0.60 0.65 1,240,871 506,432 1,488.1 744,522 7 0.65 0.70 1,079,373 480,385 1,382.5 701,592 7 0.70 0.75 940,511 453,632 1,279.5 658,358 7 0.75 0.80 821,284 426,993 1,181.1 615,963 7 0.80 0.85 718,908 401,004 1,088.3 575,126 7 0.85 0.90 630,912 376,008 1,001.7 536,275 7 0.90 0.95 555,150 352,206 921.4 499,635 7 0.95 1.00 489,788 329,706 847.5 465,299 7 1.00 1.05 433,266 308,549 779.5 433,266 
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D-15 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 7 1.05 1.10 384,268 288,730 717.2 403,481 7 1.10 1.15 341,682 270,218 660.2 375,850 7 1.15 1.20 304,573 252,961 608.1 350,258 7 1.20 1.25 272,151 236,897 560.5 326,581 7 1.25 1.30 243,751 221,957 517.1 304,689 7 1.30 1.35 218,811 208,073 477.4 284,455 7 1.35 1.40 196,854 195,171 441.1 265,753 7 1.40 1.45 177,476 183,185 408.0 248,467 7 1.45 1.50 160,333 172,049 377.7 232,483 7 1.50 1.55 145,133 161,699 350.0 217,699 7 1.55 1.60 131,624 152,076 324.6 204,017 7 1.60 1.65 119,592 143,127 301.4 191,347 7 1.65 1.70 108,853 134,799 280.1 179,608 7 1.70 1.75 99,248 127,045 260.5 168,722 7 1.75 1.80 90,641 119,821 242.5 158,622 7 1.80 1.85 82,913 113,087 226.0 149,243 7 1.85 1.90 75,960 106,805 210.8 140,526 7 1.90 1.95 69,695 100,941 196.7 132,420 7 1.95 2.00 64,038 95,463 183.8 124,875 7 2.00 2.05 58,923 90,343 171.9 117,847 7 2.05 2.10 54,290 85,554 160.9 111,295 7 2.10 2.15 50,087 81,071 150.7 105,182 7 2.15 2.20 46,267 76,871 141.3 99,474 7 2.20 2.25 42,791 72,934 132.5 94,141 7 2.25 2.30 39,623 69,241 124.4 89,153 7 2.30 2.35 36,733 65,775 116.9 84,485 7 2.35 2.40 34,091 62,519 110.0 80,113 7 2.40 2.45 31,673 59,458 103.5 76,015 7 2.45 2.50 29,458 56,579 97.5 72,172 7 2.50 2.55 27,426 53,870 91.8 68,564 7 2.55 2.60 25,559 51,318 86.6 65,176 7 2.60 2.65 23,842 48,912 81.7 61,990 7 2.65 2.70 22,262 46,644 77.2 58,994 7 2.70 2.75 20,805 44,504 72.9 56,174 7 2.75 2.80 19,461 42,483 69.0 53,518 7 2.80 2.85 18,219 40,574 65.3 51,014 7 2.85 2.90 17,071 38,769 61.8 48,653 7 2.90 2.95 16,009 37,062 58.5 46,425 7 2.95 3.00 15,024 35,446 55.5 44,321 7 3.00 3.05 14,111 33,916 52.6 42,333 7 3.05 3.10 13,264 32,467 49.9 40,454 7 3.10 3.15 12,476 31,093 47.4 38,676 7 3.15 3.20 11,744 29,789 45.0 36,994 7 3.20 3.25 11,063 28,553 42.8 35,400 7 3.25 3.30 10,428 27,378 40.7 33,890 
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D-16 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 7 3.30 3.35 9,836 26,263 38.7 32,459 7 3.35 3.40 9,284 25,203 36.9 31,101 7 3.40 3.45 8,768 24,195 35.1 29,812 7 3.45 3.50 8,287 23,236 33.5 28,589 7 3.50 3.55 7,836 22,323 31.9 27,426 7 3.55 3.60 7,414 21,454 30.4 26,321 7 3.60 3.65 7,020 20,626 29.0 25,270 7 3.65 3.70 6,649 19,837 27.7 24,271 7 3.70 3.75 6,302 19,085 26.5 23,319 7 3.75 3.80 5,977 18,367 25.3 22,413 7 3.80 3.85 5,671 17,682 24.2 21,550 7 3.85 3.90 5,384 17,029 23.1 20,727 7 3.90 3.95 5,113 16,404 22.1 19,942 7 3.95 4.00 4,859 15,808 21.2 19,194 7 4.00 4.05 4,620 15,238 20.3 18,480 7 4.05 4.10 4,395 14,693 19.4 17,798 7 4.10 4.15 4,182 14,171 18.6 17,147 7 4.15 4.20 3,982 13,672 17.8 16,524 7 4.20 4.25 3,793 13,195 17.1 15,929 7 4.25 4.30 3,614 12,737 16.4 15,361 7 4.30 4.35 3,446 12,299 15.7 14,817 7 4.35 4.40 3,286 11,880 15.1 14,296 7 4.40 4.45 3,136 11,477 14.5 13,798 7 4.45 4.50 2,993 11,092 13.9 13,320 7 4.50 4.55 2,858 10,721 13.4 12,863 7 4.55 4.60 2,731 10,366 12.9 12,425 7 4.60 4.65 2,610 10,026 12.4 12,005 7 4.65 4.70 2,495 9,698 11.9 11,602 7 4.70 4.75 2,386 9,384 11.4 11,216 7 4.75 4.80 2,283 9,082 11.0 10,845 7 4.80 4.85 2,185 8,792 10.6 10,489 7 4.85 4.90 2,092 8,513 10.2 10,147 7 4.90 4.95 2,004 8,245 9.8 9,819 7 4.95 >5 1,920 7,987 9.5 9,504 8 0.00 0.05 0 0 0.0 0 8 0.05 0.10 1,295,615 51,025 266.7 93,702 8 0.10 0.15 3,286,416 196,778 824.1 328,642 8 0.15 0.20 4,244,444 385,940 1,567.0 636,667 8 0.20 0.25 4,281,127 523,913 2,076.9 856,225 8 0.25 0.30 3,902,535 602,117 2,334.5 975,634 8 0.30 0.35 3,396,855 633,914 2,407.1 1,019,057 8 0.35 0.40 2,892,545 634,414 2,362.4 1,012,391 8 0.40 0.45 3,201,020 807,898 2,953.2 1,280,408 8 0.45 0.50 2,688,608 768,338 2,759.6 1,209,873 8 0.50 0.55 2,257,701 721,269 2,547.4 1,128,850 
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D-17 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 8 0.55 0.60 1,899,170 671,273 2,332.9 1,044,544 8 0.60 0.65 1,602,173 621,188 2,125.7 961,304 8 0.65 0.70 1,356,361 572,706 1,930.8 881,635 8 0.70 0.75 1,152,666 526,776 1,750.6 806,866 8 0.75 0.80 983,457 483,873 1,585.8 737,593 8 0.80 0.85 842,448 444,175 1,436.1 673,959 8 0.85 0.90 724,516 407,677 1,301.0 615,838 8 0.90 0.95 625,506 374,266 1,179.3 562,955 8 0.95 1.00 542,056 343,766 1,069.9 514,953 8 1.00 1.05 471,445 315,975 971.7 471,445 8 1.05 1.10 411,465 290,676 883.5 432,038 8 1.10 1.15 360,322 267,658 804.4 396,354 8 1.15 1.20 316,552 246,715 733.3 364,035 8 1.20 1.25 278,957 227,654 669.3 334,749 8 1.25 1.30 246,555 210,299 611.8 308,193 8 1.30 1.35 218,533 194,485 560.1 284,093 8 1.35 1.40 194,222 180,063 513.4 262,200 8 1.40 1.45 173,065 166,899 471.2 242,291 8 1.45 1.50 154,597 154,871 433.1 224,165 8 1.50 1.55 138,430 143,869 398.6 207,644 8 1.55 1.60 124,238 133,795 367.3 192,568 8 1.60 1.65 111,746 124,561 339.0 178,794 8 1.65 1.70 100,723 116,087 313.2 166,193 8 1.70 1.75 90,972 108,301 289.7 154,653 8 1.75 1.80 82,326 101,141 268.3 144,070 8 1.80 1.85 74,642 94,548 248.8 134,355 8 1.85 1.90 67,797 88,470 231.0 125,424 8 1.90 1.95 61,687 82,861 214.7 117,206 8 1.95 2.00 56,223 77,680 199.7 109,635 8 2.00 2.05 51,326 72,889 186.0 102,651 8 2.05 2.10 46,928 68,453 173.4 96,203 8 2.10 2.15 42,972 64,343 161.9 90,242 8 2.15 2.20 39,407 60,529 151.2 84,726 8 2.20 2.25 36,189 56,989 141.4 79,616 8 2.25 2.30 33,279 53,698 132.4 74,878 8 2.30 2.35 30,643 50,637 124.0 70,479 8 2.35 2.40 28,252 47,786 116.3 66,393 8 2.40 2.45 26,080 45,129 109.1 62,593 8 2.45 2.50 24,104 42,650 102.5 59,055 8 2.50 2.55 22,303 40,336 96.4 55,758 8 2.55 2.60 20,661 38,174 90.7 52,684 8 2.60 2.65 19,160 36,151 85.4 49,815 8 2.65 2.70 17,787 34,259 80.5 47,135 8 2.70 2.75 16,529 32,485 75.9 44,629 8 2.75 2.80 15,376 30,823 71.6 42,284 
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D-18 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 8 2.80 2.85 14,317 29,264 67.6 40,087 8 2.85 2.90 13,344 27,800 63.9 38,029 8 2.90 2.95 12,448 26,424 60.5 36,099 8 2.95 3.00 11,623 25,131 57.2 34,287 8 3.00 3.05 10,862 23,914 54.2 32,585 8 3.05 3.10 10,159 22,768 51.4 30,985 8 3.10 3.15 9,510 21,689 48.7 29,480 8 3.15 3.20 8,909 20,672 46.2 28,064 8 3.20 3.25 8,353 19,712 43.9 26,729 8 3.25 3.30 7,837 18,806 41.7 25,472 8 3.30 3.35 7,359 17,950 39.6 24,286 8 3.35 3.40 6,915 17,142 37.7 23,167 8 3.40 3.45 6,503 16,377 35.8 22,110 8 3.45 3.50 6,119 15,653 34.1 21,111 8 3.50 3.55 5,762 14,969 32.5 20,167 8 3.55 3.60 5,429 14,320 31.0 19,274 8 3.60 3.65 5,119 13,705 29.5 18,429 8 3.65 3.70 4,830 13,122 28.2 17,628 8 3.70 3.75 4,559 12,569 26.9 16,870 8 3.75 3.80 4,307 12,044 25.7 16,151 8 3.80 3.85 4,071 11,546 24.5 15,469 8 3.85 3.90 3,850 11,072 23.4 14,822 8 3.90 3.95 3,643 10,622 22.4 14,207 8 3.95 4.00 3,449 10,194 21.4 13,623 8 4.00 4.05 3,267 9,787 20.5 13,069 8 4.05 4.10 3,097 9,399 19.6 12,541 8 4.10 4.15 2,936 9,030 18.8 12,039 8 4.15 4.20 2,786 8,678 18.0 11,562 8 4.20 4.25 2,645 8,343 17.3 11,107 8 4.25 4.30 2,512 8,024 16.6 10,674 8 4.30 4.35 2,386 7,719 15.9 10,261 8 4.35 4.40 2,268 7,428 15.2 9,868 8 4.40 4.45 2,157 7,150 14.6 9,492 8 4.45 4.50 2,053 6,885 14.1 9,134 8 4.50 4.55 1,954 6,631 13.5 8,792 8 4.55 4.60 1,861 6,389 13.0 8,466 8 4.60 4.65 1,773 6,158 12.5 8,154 8 4.65 4.70 1,690 5,936 12.0 7,856 8 4.70 4.75 1,611 5,725 11.5 7,572 8 4.75 4.80 1,537 5,522 11.1 7,299 8 4.80 4.85 1,466 5,328 10.7 7,039 8 4.85 4.90 1,400 5,142 10.3 6,789 8 4.90 4.95 1,337 4,964 9.9 6,550 8 4.95 >5 1,277 4,793 9.6 6,322 9 0.00 0.05 0 0 0.0 0 
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D-19 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 9 0.05 0.10 0 0 0.0 0 9 0.10 0.15 511,500 31,587 122.3 51,150 9 0.15 0.20 864,889 80,967 304.8 129,733 9 0.20 0.25 1,067,680 134,475 494.1 213,536 9 0.25 0.30 1,140,132 181,107 649.5 285,033 9 0.30 0.35 1,129,077 217,060 760.4 338,723 9 0.35 0.40 1,071,595 242,282 829.9 375,058 9 0.40 0.45 2,187,815 569,616 1,909.4 875,126 9 0.45 0.50 1,993,910 588,222 1,931.5 897,260 9 0.50 0.55 1,800,157 594,096 1,912.4 900,078 9 0.55 0.60 1,616,019 590,470 1,864.6 888,810 9 0.60 0.65 1,446,000 579,954 1,797.8 867,600 9 0.65 0.70 1,291,750 564,596 1,719.0 839,638 9 0.70 0.75 1,153,330 545,967 1,633.5 807,331 9 0.75 0.80 1,189,433 607,895 1,785.1 893,506 9 0.80 0.85 920,458 503,351 1,456.3 736,366 9 0.85 0.90 823,495 480,912 1,369.1 699,971 9 0.90 0.95 737,732 458,417 1,284.6 663,959 9 0.95 1.00 661,894 436,210 1,203.7 628,799 9 1.00 1.05 594,809 414,535 1,126.7 594,809 9 1.05 1.10 535,421 393,556 1,054.0 562,192 9 1.10 1.15 482,789 373,381 985.5 531,068 9 1.15 1.20 436,083 354,076 921.4 501,495 9 1.20 1.25 394,575 335,673 861.4 473,490 9 1.25 1.30 357,630 318,181 805.3 447,037 9 1.30 1.35 324,691 301,595 753.1 422,099 9 1.35 1.40 295,276 285,896 704.5 398,623 9 1.40 1.45 268,963 271,056 659.3 376,548 9 1.45 1.50 245,384 257,042 617.3 355,807 9 1.50 1.55 224,220 243,820 578.2 336,330 9 1.55 1.60 205,192 231,351 541.9 318,048 9 1.60 1.65 188,055 219,596 508.1 300,889 9 1.65 1.70 172,597 208,517 476.7 284,786 9 1.70 1.75 158,631 198,077 447.5 269,673 9 1.75 1.80 145,993 188,237 420.3 255,488 9 1.80 1.85 134,539 178,964 395.0 242,170 9 1.85 1.90 124,142 170,222 371.5 229,663 9 1.90 1.95 114,692 161,980 349.6 217,915 9 1.95 2.00 106,089 154,206 329.2 206,874 9 2.00 2.05 98,247 146,873 310.1 196,495 9 2.05 2.10 91,089 139,953 292.4 186,733 9 2.10 2.15 84,546 133,419 275.8 177,547 9 2.15 2.20 78,558 127,249 260.3 168,900 9 2.20 2.25 73,071 121,419 245.9 160,756 9 2.25 2.30 68,036 115,909 232.3 153,082 
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D-20 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 9 2.30 2.35 63,412 110,699 219.7 145,847 9 2.35 2.40 59,159 105,769 207.8 139,023 9 2.40 2.45 55,243 101,104 196.7 132,582 9 2.45 2.50 51,633 96,686 186.3 126,501 9 2.50 2.55 48,302 92,501 176.6 120,756 9 2.55 2.60 45,226 88,535 167.4 115,326 9 2.60 2.65 42,381 84,774 158.9 110,191 9 2.65 2.70 39,748 81,207 150.8 105,333 9 2.70 2.75 37,309 77,821 143.2 100,734 9 2.75 2.80 35,046 74,606 136.1 96,378 9 2.80 2.85 32,946 71,553 129.4 92,250 9 2.85 2.90 30,995 68,651 123.0 88,337 9 2.90 2.95 29,181 65,891 117.1 84,625 9 2.95 3.00 27,492 63,267 111.5 81,103 9 3.00 3.05 25,920 60,770 106.2 77,759 9 3.05 3.10 24,453 58,392 101.2 74,582 9 3.10 3.15 23,085 56,128 96.5 71,563 9 3.15 3.20 21,807 53,970 92.0 68,693 9 3.20 3.25 20,613 51,914 87.8 65,963 9 3.25 3.30 19,497 49,953 83.8 63,365 9 3.30 3.35 18,452 48,082 80.1 60,891 9 3.35 3.40 17,473 46,296 76.5 58,535 9 3.40 3.45 16,556 44,591 73.1 56,291 9 3.45 3.50 15,696 42,963 69.9 54,151 9 3.50 3.55 14,889 41,407 66.9 52,110 9 3.55 3.60 14,130 39,920 64.0 50,163 9 3.60 3.65 13,418 38,498 61.3 48,304 9 3.65 3.70 12,748 37,138 58.7 46,530 9 3.70 3.75 12,118 35,836 56.2 44,835 9 3.75 3.80 11,524 34,590 53.9 43,215 9 3.80 3.85 10,965 33,397 51.7 41,667 9 3.85 3.90 10,438 32,254 49.6 40,186 9 3.90 3.95 9,941 31,159 47.6 38,770 9 3.95 4.00 9,472 30,109 45.7 37,414 9 4.00 4.05 9,029 29,102 43.8 36,117 9 4.05 4.10 8,611 28,136 42.1 34,874 9 4.10 4.15 8,215 27,210 40.5 33,683 9 4.15 4.20 7,841 26,320 38.9 32,542 9 4.20 4.25 7,488 25,466 37.4 31,448 9 4.25 4.30 7,153 24,646 36.0 30,399 9 4.30 4.35 6,835 23,858 34.6 29,393 9 4.35 4.40 6,535 23,101 33.3 28,427 9 4.40 4.45 6,250 22,373 32.0 27,500 9 4.45 4.50 5,980 21,673 30.9 26,610 9 4.50 4.55 5,723 21,000 29.7 25,754 
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D-21 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 9 4.55 4.60 5,480 20,352 28.6 24,933 9 4.60 4.65 5,249 19,728 27.6 24,143 9 4.65 4.70 5,029 19,128 26.6 23,384 9 4.70 4.75 4,820 18,550 25.6 22,654 9 4.75 4.80 4,621 17,994 24.7 21,952 9 4.80 4.85 4,433 17,457 23.9 21,276 9 4.85 4.90 4,253 16,941 23.0 20,626 9 4.90 4.95 4,082 16,442 22.2 20,000 9 4.95 >5 3,919 15,962 21.5 19,397 10 0.00 0.05 0 0 0.0 0 10 0.05 0.10 0 0 0.0 0 10 0.10 0.15 26,655 1,706 6.0 2,666 10 0.15 0.20 60,525 5,860 20.1 9,079 10 0.20 0.25 93,644 12,183 40.9 18,729 10 0.25 0.30 119,616 19,620 64.3 29,904 10 0.30 0.35 137,254 27,246 87.1 41,176 10 0.35 0.40 147,550 34,452 107.4 51,642 10 0.40 0.45 1,095,469 294,593 897.5 438,187 10 0.45 0.50 1,097,547 334,492 996.3 493,896 10 0.50 0.55 1,078,152 367,646 1,071.4 539,076 10 0.55 0.60 1,044,331 394,334 1,125.3 574,382 10 0.60 0.65 1,001,338 415,096 1,160.7 600,803 10 0.65 0.70 952,992 430,581 1,180.4 619,445 10 0.70 0.75 902,015 441,460 1,187.2 631,411 10 0.75 0.80 850,314 448,383 1,183.5 637,735 10 0.80 0.85 799,191 451,948 1,171.3 639,353 10 0.85 0.90 749,515 452,693 1,152.5 637,088 10 0.90 0.95 701,840 451,091 1,128.5 631,656 10 0.95 1.00 656,497 447,557 1,100.7 623,673 10 1.00 1.05 613,659 442,446 1,070.1 613,659 10 1.05 1.10 573,387 436,063 1,037.5 602,056 10 1.10 1.15 535,668 428,669 1,003.5 589,234 10 1.15 1.20 500,438 420,482 968.9 575,504 10 1.20 1.25 467,601 411,689 933.9 561,121 10 1.25 1.30 437,039 402,446 899.1 546,299 10 1.30 1.35 408,625 392,883 864.6 531,213 10 1.35 1.40 382,227 383,110 830.6 516,007 10 1.40 1.45 357,713 373,216 797.4 500,798 10 1.45 1.50 334,952 363,278 765.0 485,681 10 1.50 1.55 313,821 353,357 733.6 470,732 10 1.55 1.60 294,201 343,503 703.2 456,012 10 1.60 1.65 275,980 333,757 673.8 441,568 10 1.65 1.70 259,052 324,152 645.5 427,436 10 1.70 1.75 243,320 314,715 618.3 413,645 10 1.75 1.80 228,693 305,466 592.2 400,213 
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D-22 
Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 10 1.80 1.85 215,087 296,420 567.1 387,156 10 1.85 1.90 202,423 287,589 543.1 374,482 10 1.90 1.95 190,629 278,983 520.1 362,195 10 1.95 2.00 179,640 270,606 498.1 350,297 10 2.00 2.05 169,393 262,462 477.0 338,787 10 2.05 2.10 159,834 254,552 456.9 327,660 10 2.10 2.15 150,910 246,876 437.7 316,910 10 2.15 2.20 142,573 239,433 419.4 306,532 10 2.20 2.25 134,780 232,220 401.9 296,517 10 2.25 2.30 127,491 225,234 385.1 286,855 10 2.30 2.35 120,669 218,470 369.2 277,539 10 2.35 2.40 114,279 211,925 354.0 268,557 10 2.40 2.45 108,291 205,592 339.4 259,899 10 2.45 2.50 102,676 199,468 325.5 251,556 10 2.50 2.55 97,406 193,546 312.3 243,516 10 2.55 2.60 92,459 187,820 299.7 235,769 10 2.60 2.65 87,810 182,286 287.6 228,306 10 2.65 2.70 83,440 176,936 276.1 221,115 10 2.70 2.75 79,329 171,766 265.1 214,188 10 2.75 2.80 75,459 166,769 254.6 207,513 10 2.80 2.85 71,815 161,940 244.6 201,082 10 2.85 2.90 68,381 157,274 235.1 194,885 10 2.90 2.95 65,142 152,764 225.9 188,913 10 2.95 3.00 62,087 148,405 217.2 183,157 10 3.00 3.05 59,203 144,193 208.9 177,610 10 3.05 3.10 56,480 140,121 200.9 172,263 10 3.10 3.15 53,906 136,185 193.3 167,108 10 3.15 3.20 51,472 132,381 186.0 162,137 10 3.20 3.25 49,170 128,702 179.0 157,344 10 3.25 3.30 46,991 125,145 172.3 152,720 10 3.30 3.35 44,927 121,706 166.0 148,261 10 3.35 3.40 42,972 118,380 159.9 143,958 10 3.40 3.45 41,119 115,163 154.0 139,806 10 3.45 3.50 39,362 112,050 148.4 135,798 10 3.50 3.55 37,694 109,039 143.1 131,930 10 3.55 3.60 36,111 106,126 137.9 128,196 10 3.60 3.65 34,608 103,306 133.0 124,589 10 3.65 3.70 33,180 100,577 128.3 121,106 10 3.70 3.75 31,822 97,936 123.8 117,742 10 3.75 3.80 30,531 95,378 119.5 114,491 10 3.80 3.85 29,303 92,901 115.3 111,350 10 3.85 3.90 28,133 90,503 111.3 108,314 10 3.90 3.95 27,020 88,179 107.5 105,379 10 3.95 4.00 25,960 85,929 103.8 102,541 10 4.00 4.05 24,949 83,748 100.3 99,797 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 10 4.05 4.10 23,986 81,634 96.9 97,142 10 4.10 4.15 23,067 79,586 93.7 94,574 10 4.15 4.20 22,190 77,600 90.6 92,090 10 4.20 4.25 21,354 75,675 87.6 89,685 10 4.25 4.30 20,555 73,809 84.7 87,357 10 4.30 4.35 19,792 71,998 81.9 85,104 10 4.35 4.40 19,062 70,242 79.2 82,922 10 4.40 4.45 18,365 68,538 76.7 80,808 10 4.45 4.50 17,699 66,885 74.2 78,761 10 4.50 4.55 17,062 65,281 71.9 76,777 10 4.55 4.60 16,452 63,724 69.6 74,855 10 4.60 4.65 15,868 62,212 67.4 72,993 10 4.65 4.70 15,309 60,744 65.3 71,187 10 4.70 4.75 14,774 59,319 63.2 69,436 10 4.75 4.80 14,261 57,935 61.3 67,738 10 4.80 4.85 13,769 56,591 59.4 66,092 10 4.85 4.90 13,298 55,284 57.6 64,494 10 4.90 4.95 12,846 54,015 55.8 62,945 10 4.95 >5 100,554 381,633 826.0 513,789 11 0.00 0.05 0 0 0.0 0 11 0.05 0.10 0 0 0.0 0 11 0.10 0.15 5,329 354 1.1 533 11 0.15 0.20 14,569 1,467 4.5 2,185 11 0.20 0.25 26,024 3,522 10.5 5,205 11 0.25 0.30 37,306 6,369 18.5 9,327 11 0.30 0.35 47,109 9,739 27.5 14,133 11 0.35 0.40 54,951 13,369 36.6 19,233 11 0.40 0.45 336,155 94,240 251.4 134,462 11 0.45 0.50 358,651 113,998 296.2 161,393 11 0.50 0.55 372,743 132,614 336.0 186,372 11 0.55 0.60 379,968 149,744 370.2 208,982 11 0.60 0.65 381,733 165,208 399.0 229,040 11 0.65 0.70 379,255 178,940 422.3 246,515 11 0.70 0.75 373,547 190,955 440.8 261,483 11 0.75 0.80 365,439 201,314 454.8 274,080 11 0.80 0.85 355,596 210,112 464.8 284,477 11 0.85 0.90 344,547 217,463 471.3 292,865 11 0.90 0.95 332,706 223,484 474.7 299,435 11 0.95 1.00 320,397 228,298 475.5 304,377 11 1.00 1.05 307,871 232,022 474.1 307,871 11 1.05 1.10 295,319 234,770 470.7 310,085 11 1.10 1.15 282,886 236,646 465.8 311,174 11 1.15 1.20 270,678 237,750 459.6 311,280 11 1.20 1.25 258,775 238,172 452.2 310,531 11 1.25 1.30 247,233 237,992 444.1 309,041 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 11 1.30 1.35 236,087 237,287 435.2 306,914 11 1.35 1.40 225,364 236,121 425.7 304,241 11 1.40 1.45 215,075 234,558 415.9 301,105 11 1.45 1.50 205,225 232,649 405.8 297,577 11 1.50 1.55 195,814 230,443 395.5 293,720 11 1.55 1.60 186,834 227,985 385.1 289,593 11 1.60 1.65 178,277 225,311 374.6 285,243 11 1.65 1.70 170,130 222,457 364.1 280,714 11 1.70 1.75 162,380 219,451 353.7 276,045 11 1.75 1.80 155,011 216,323 343.4 271,269 11 1.80 1.85 148,008 213,094 333.3 266,414 11 1.85 1.90 141,355 209,786 323.3 261,506 11 1.90 1.95 135,035 206,417 313.4 256,567 11 1.95 2.00 129,034 203,005 303.8 251,617 11 2.00 2.05 123,335 199,562 294.4 246,671 11 2.05 2.10 117,924 196,102 285.3 241,743 11 2.10 2.15 112,784 192,636 276.3 236,847 11 2.15 2.20 107,903 189,173 267.6 231,992 11 2.20 2.25 103,267 185,722 259.2 227,187 11 2.25 2.30 98,862 182,289 250.9 222,439 11 2.30 2.35 94,677 178,882 243.0 217,756 11 2.35 2.40 90,699 175,505 235.2 213,142 11 2.40 2.45 86,917 172,163 227.7 208,601 11 2.45 2.50 83,321 168,861 220.5 204,136 11 2.50 2.55 79,901 165,601 213.4 199,751 11 2.55 2.60 76,646 162,386 206.6 195,448 11 2.60 2.65 73,549 159,219 200.1 191,228 11 2.65 2.70 70,601 156,101 193.7 187,092 11 2.70 2.75 67,793 153,035 187.5 183,041 11 2.75 2.80 65,118 150,020 181.6 179,075 11 2.80 2.85 62,569 147,059 175.8 175,194 11 2.85 2.90 60,140 144,151 170.3 171,398 11 2.90 2.95 57,823 141,298 164.9 167,687 11 2.95 3.00 55,613 138,499 159.8 164,059 11 3.00 3.05 53,505 135,755 154.7 160,514 11 3.05 3.10 51,492 133,065 149.9 157,051 11 3.10 3.15 49,571 130,429 145.3 153,669 11 3.15 3.20 47,735 127,847 140.7 150,366 11 3.20 3.25 45,982 125,318 136.4 147,141 11 3.25 3.30 44,306 122,842 132.2 143,993 11 3.30 3.35 42,703 120,418 128.1 140,920 11 3.35 3.40 41,171 118,046 124.2 137,921 11 3.40 3.45 39,704 115,724 120.4 134,995 11 3.45 3.50 38,301 113,453 116.8 132,139 11 3.50 3.55 36,958 111,231 113.3 129,352 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 11 3.55 3.60 35,671 109,057 109.9 126,634 11 3.60 3.65 34,439 106,931 106.6 123,981 11 3.65 3.70 33,258 104,852 103.4 121,393 11 3.70 3.75 32,127 102,818 100.3 118,868 11 3.75 3.80 31,041 100,830 97.3 116,405 11 3.80 3.85 30,000 98,885 94.5 114,002 11 3.85 3.90 29,002 96,983 91.7 111,657 11 3.90 3.95 28,044 95,124 89.0 109,370 11 3.95 4.00 27,124 93,306 86.4 107,138 11 4.00 4.05 26,240 91,529 83.9 104,960 11 4.05 4.10 25,392 89,791 81.5 102,836 11 4.10 4.15 24,576 88,092 79.2 100,763 11 4.15 4.20 23,793 86,430 76.9 98,740 11 4.20 4.25 23,039 84,806 74.7 96,766 11 4.25 4.30 22,315 83,217 72.6 94,839 11 4.30 4.35 21,618 81,664 70.6 92,959 11 4.35 4.40 20,948 80,145 68.6 91,124 11 4.40 4.45 20,303 78,660 66.7 89,332 11 4.45 4.50 19,682 77,208 64.9 87,584 11 4.50 4.55 19,084 75,787 63.1 85,877 11 4.55 4.60 18,508 74,398 61.3 84,211 11 4.60 4.65 17,953 73,040 59.6 82,584 11 4.65 4.70 17,418 71,711 58.0 80,995 11 4.70 4.75 16,903 70,412 56.5 79,444 11 4.75 4.80 16,406 69,141 54.9 77,929 11 4.80 4.85 15,927 67,897 53.5 76,450 11 4.85 4.90 15,465 66,681 52.0 75,005 11 4.90 4.95 15,019 65,491 50.6 73,593 11 4.95 >5 115,421 480,313 849.7 616,271 12 0.00 0.05 0 0 0.0 0 12 0.05 0.10 0 0 0.0 0 12 0.10 0.15 790 53 0.2 79 12 0.15 0.20 2,079 214 0.6 312 12 0.20 0.25 3,599 499 1.4 720 12 0.25 0.30 5,035 883 2.3 1,259 12 0.30 0.35 6,234 1,326 3.4 1,870 12 0.35 0.40 7,155 1,793 4.4 2,504 12 0.40 0.45 129,537 37,427 89.9 51,815 12 0.45 0.50 136,614 44,788 104.3 61,476 12 0.50 0.55 140,566 51,618 116.7 70,283 12 0.55 0.60 142,040 57,812 126.9 78,122 12 0.60 0.65 141,603 63,326 135.2 84,962 12 0.65 0.70 139,722 68,154 141.7 90,819 12 0.70 0.75 136,779 72,317 146.4 95,745 12 0.75 0.80 133,077 75,852 149.7 99,808 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 12 0.80 0.85 128,852 78,802 151.7 103,082 12 0.85 0.90 124,289 81,218 152.7 105,646 12 0.90 0.95 119,529 83,150 152.7 107,576 12 0.95 1.00 114,681 84,646 151.9 108,947 12 1.00 1.05 109,825 85,754 150.4 109,825 12 1.05 1.10 105,021 86,516 148.5 110,272 12 1.10 1.15 100,314 86,974 146.1 110,346 12 1.15 1.20 95,736 87,164 143.3 110,096 12 1.20 1.25 91,307 87,119 140.3 109,568 12 1.25 1.30 87,041 86,870 137.1 108,802 12 1.30 1.35 82,949 86,443 133.7 107,833 12 1.35 1.40 79,033 85,863 130.2 106,694 12 1.40 1.45 75,294 85,150 126.6 105,412 12 1.45 1.50 71,731 84,325 123.0 104,011 12 1.50 1.55 68,341 83,404 119.4 102,511 12 1.55 1.60 65,118 82,402 115.8 100,933 12 1.60 1.65 62,058 81,333 112.2 99,292 12 1.65 1.70 59,153 80,207 108.7 97,602 12 1.70 1.75 56,397 79,037 105.2 95,876 12 1.75 1.80 53,785 77,830 101.8 94,123 12 1.80 1.85 51,308 76,594 98.5 92,354 12 1.85 1.90 48,960 75,337 95.2 90,576 12 1.90 1.95 46,735 74,065 92.1 88,796 12 1.95 2.00 44,626 72,783 89.0 87,021 12 2.00 2.05 42,627 71,496 86.0 85,254 12 2.05 2.10 40,732 70,208 83.1 83,500 12 2.10 2.15 38,935 68,923 80.3 81,763 12 2.15 2.20 37,231 67,643 77.5 80,047 12 2.20 2.25 35,615 66,371 74.9 78,352 12 2.25 2.30 34,081 65,110 72.3 76,682 12 2.30 2.35 32,626 63,861 69.9 75,039 12 2.35 2.40 31,244 62,627 67.5 73,423 12 2.40 2.45 29,932 61,408 65.2 71,836 12 2.45 2.50 28,685 60,205 63.0 70,279 12 2.50 2.55 27,501 59,021 60.8 68,751 12 2.55 2.60 26,375 57,854 58.8 67,255 12 2.60 2.65 25,304 56,707 56.8 65,790 12 2.65 2.70 24,285 55,580 54.8 64,356 12 2.70 2.75 23,316 54,472 53.0 62,953 12 2.75 2.80 22,393 53,385 51.2 61,581 12 2.80 2.85 21,514 52,318 49.5 60,240 12 2.85 2.90 20,677 51,272 47.9 58,929 12 2.90 2.95 19,879 50,246 46.3 57,649 12 2.95 3.00 19,118 49,241 44.7 56,399 12 3.00 3.05 18,393 48,256 43.3 55,178 
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Mining Increment  Lower Grade [g(k) Aue g/t] Upper Grade [g(k+1) Aue g/t] Tonnes Au (g) Cu (t) Aue (g) 12 3.05 3.10 17,701 47,292 41.8 53,987 12 3.10 3.15 17,040 46,348 40.5 52,823 12 3.15 3.20 16,409 45,424 39.2 51,688 12 3.20 3.25 15,807 44,520 37.9 50,581 12 3.25 3.30 15,231 43,635 36.7 49,500 12 3.30 3.35 14,681 42,769 35.5 48,446 12 3.35 3.40 14,155 41,922 34.3 47,418 12 3.40 3.45 13,651 41,094 33.3 46,414 12 3.45 3.50 13,170 40,284 32.2 45,436 12 3.50 3.55 12,709 39,492 31.2 44,482 12 3.55 3.60 12,268 38,718 30.2 43,551 12 3.60 3.65 11,845 37,961 29.3 42,643 12 3.65 3.70 11,440 37,221 28.3 41,757 12 3.70 3.75 11,052 36,498 27.5 40,893 12 3.75 3.80 10,680 35,791 26.6 40,051 12 3.80 3.85 10,323 35,099 25.8 39,229 12 3.85 3.90 9,981 34,424 25.0 38,427 12 3.90 3.95 9,653 33,763 24.3 37,645 12 3.95 4.00 9,337 33,118 23.5 36,882 12 4.00 4.05 9,035 32,487 22.8 36,138 12 4.05 4.10 8,744 31,870 22.1 35,412 12 4.10 4.15 8,464 31,267 21.5 34,704 12 4.15 4.20 8,196 30,677 20.8 34,013 12 4.20 4.25 7,938 30,101 20.2 33,338 12 4.25 4.30 7,689 29,538 19.6 32,680 12 4.30 4.35 7,451 28,987 19.1 32,038 12 4.35 4.40 7,221 28,449 18.5 31,411 12 4.40 4.45 7,000 27,922 18.0 30,799 12 4.45 4.50 6,787 27,407 17.5 30,202 12 4.50 4.55 6,582 26,904 17.0 29,619 12 4.55 4.60 6,384 26,412 16.5 29,049 12 4.60 4.65 6,194 25,931 16.0 28,493 12 4.65 4.70 6,011 25,460 15.6 27,951 12 4.70 4.75 5,834 25,000 15.1 27,421 12 4.75 4.80 5,664 24,550 14.7 26,903 12 4.80 4.85 5,499 24,110 14.3 26,398 12 4.85 4.90 5,341 23,679 13.9 25,904 12 4.90 4.95 5,188 23,258 13.5 25,421 12 4.95 >5 34,273 148,037 209.2 181,507 
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Appendix E:  Cut-Off Grade Policies and Annualised Allocations  
Appendix E provides the detailed cut-off grade policies for the development of the mining 
increments of the deposit described in Chapter 4 and Appendix D.  The annualised 
allocation of material that results from the cut-off grade policies has also been provided.  
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Table E.1: The Cut-Off Grade Policy for the Baseline Analysis (Chapter 5)  
Mining Increment  Start Time (Yrs) Time Taken (Yrs) COG DF Ore (g /t Aue) COG Stockpile (g /t Aue) Limiting Capacities Quantity Mined (kt) Quantity to Plant (kt) Avg Grade to Plant (g /t Aue) 
Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) PV Deposit ($’000) 
1 0.0 1.0 0.47 0.73  Mine 12,245 1,376 0.89 0  0  18,754  2,348  -$1,826 $1,187,127 2 1.0 1.0 0.63 0.45  Mine-Mill 53,177 14,498 1.20 6,391 0  313,427  23,600  $167,095 $1,283,996 3 2.0 1.0 0.58 0.43  Mine-Mill 59,673 16,251 1.15 5,806 0  336,583  25,302  $173,753 $1,213,022 4 3.0 1.0 0.55 0.41  Mine-Mill 60,250 16,885 1.10 5,860 0  334,571  25,721  $169,272 $1,129,556 5 4.0 1.0 0.53 0.39  Mine-Mill 59,989 16,864 1.11 4,892 0  325,068  27,923  $169,394 $1,044,024 6 5.0 1.0 0.42 0.38  Mine-Mill 62,935 16,753 1.03 1,146 0  315,707  22,437  $140,618 $951,512 7 6.0 1.0 0.43 0.36  Mine-Mill 54,380 16,882 0.88 3,250 0  267,048  20,359  $109,470 $881,462 8 7.0 1.0 0.49 0.35  Mine-Mill 45,602 16,951 0.88 8,244 0  250,530  23,763  $118,297 $838,186 9 8.0 1.1 0.50 0.34  Mill 28,653 18,686 1.04 5,479 0  348,430  27,159  $205,018 $782,272 10 9.1 1.2 0.45 0.32  Mill 21,888 20,207 1.29 1,325 0  494,189  30,859  $314,343 $637,390 11 10.3 1.0 0.40 0.31  Mill 11,590 17,008 1.18 93 5,603  393,644  20,746  $236,853 $369,280 12 11.3 0.4 0.25 0.31  Mill 4,080 5,965 1.17 0  1,892  140,804  6,356  $81,856 $152,655 Stockpile 11.6 2.1 0.00 0.00 Mill 0 34,992 0.43 0  34,992  228,363  23,755  $54,186 $73,895 Closure 13.7 0.0 0.00 0.00 N/A 0 0 0.00 0 0 0 0  $28,000 $28,000 Total 0.0 13.7 N/A N/A N/A 474,462 213,319 0.98 42,487 42,487 3,767,118 280,331 $1,966,329 $1,187,127 
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Table E.2: The Annualised Allocations for the Baseline Analysis (Chapter 5) 
Year Mining Increment  Limiting Capacities Quantity Mined (kt) Quantity to Plant (kt) Avg Grade to Plant (g /t Aue) 
Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) 
1 1 Mine 12,245  1,376  0.89  0  0  18,754  24,954 -$1,826 2 2 Mine-Mill 53,177  14,498  1.20  6,391  0  313,427  26,454 $167,095 3 3 Mine-Mill 59,606  16,233  1.15  5,800  0  336,205  25,988 $173,557 4 4 Mine-Mill 60,208  16,872  1.10  5,856  0  334,343  28,045 $169,161 5 5 Mine-Mill 59,953  16,854  1.11  4,891  0  324,885  22,297 $169,289 6 6 Mine-Mill 62,928  16,753  1.03  1,155  0  315,730  21,086 $140,688 7 7 Mine-Mill 54,401  16,881  0.88  3,245  0  267,167  27,774 $109,546 8 8 Mine-Mill 45,623  16,950  0.88  8,232  0  250,570  32,565 $118,276 9 9 Mill 26,115  17,000  1.04  4,993  0  316,823  27,140 $186,349 10 9, 10 Mill 19,192  17,000  1.26  1,508  0  405,714  11,037 $256,530 11 10, 11 Mill 13,556  16,984  1.21  389  3,969  399,551  10,715 $244,557 12 11, 12 Mill 7,460  16,843  0.90  27  9,443  294,210  10,715 $160,085 13 N/A Mill 0 16,748  0.43  0  16,748  109,300  10,715 $25,934 14 N/A Mill 0 12,326  0.43  0 12,326  80,442  8,179 $47,087 Total N/A N/A 474,462 213,319 0.98 42,487 42,487 3,767,118 280,331 $1,966,329 
 
 
Appendix E: Cut-Off Grade Policies and Annualised Allocations Michael Scott 
 
E-4 
Table E.3: The Cut-Off Grade Policy for Best Practice Energy-Efficiency (Chapter 6)  
Mining Increment  Start Time (Yrs) Time Taken (Yrs) COG DF Ore (g /t Aue) COG Stockpile (g /t Aue) Limiting Capacities Quantity Mined (kt) Quantity to Plant (kt) Avg Grade to Plant (g /t Aue) 
Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) PV Deposit ($’000) 
1 0.0 1.0 0.47 0.72  Mine 12,245 1,376 0.89 0  0  18,754  2,348  -$1,332 $1,219,725 2 1.0 1.0 0.63 0.44  Mine-Mill 53,177 14,498 1.20 6,903  0  313,427  23,600  $171,170 $1,318,688 3 2.0 1.0 0.58 0.42  Mine-Mill 59,673 16,251 1.15 6,307  0  336,583  25,302  $178,207 $1,246,254 4 3.0 1.0 0.55 0.40  Mine-Mill 60,250 16,885 1.10 6,368  0  334,571  25,721  $174,084 $1,160,819 5 4.0 1.0 0.53 0.38  Mine-Mill 59,989 16,864 1.11 5,282  0  325,068  27,923  $174,471 $1,072,788 6 5.0 1.0 0.42 0.42  Mine-Mill 62,935 16,753 1.03 0  0  315,707  22,437  $146,244 $977,301 7 6.0 1.0 0.43 0.39  Mine-Mill 54,380 16,882 0.88 1,784  0  267,048  20,359  $115,168 $903,466 8 7.0 1.0 0.49 0.34  Mine-Mill 45,602 16,951 0.88 8,924  0  250,530  23,763  $123,772 $856,028 9 8.0 1.1 0.50 0.32  Mill 28,653 18,686 1.04 5,931  0  348,430  27,159  $210,125 $795,851 10 9.1 1.2 0.45 0.31  Mill 21,888 20,207 1.29 1,353  0  494,189  30,859  $319,464 $646,837 11 10.3 1.0 0.39 0.31  Mill 11,590 16,977 1.18 82  5,561  393,273  20,719  $240,806 $374,269 12 11.3 0.4 0.38 0.31  Mill 4,080 5,963 1.17 9  1,905  140,755  6,357  $83,305 $153,896 Stockpile 11.6 2.1 0.00 0.00  Mill 0 35,476 0.43 0  35,476  230,532  24,059  $54,098 $73,707 Closure 13.8 0.0 0.00 0.00  N/A 0 0 0.00 0  0 0 0  $28,000 $28,000 Total 0.0 13.8 N/A N/A N/A 474,462 213,769 0.98 42,942 42,942 3,768,867  280,608  $2,017,582 $1,219,725 
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Table E.4: The Annualised Allocations for Best Practice Energy-Efficiency (Chapter 6) 
Year Mining Increment  Limiting Capacities Quantity Mined (kt) Quantity to Plant (kt) Avg Grade to Plant (g /t Aue) 
Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) 
1 1 Mine 12,245  1,376  0.89  0  0  18,754  2,348  -$1,332 2 2 Mine-Mill 53,177  14,498  1.20  6,903  0  313,427  23,600  $171,170 3 3 Mine-Mill 59,606  16,233  1.15  6,300  0  336,205  25,274  $178,007 4 4 Mine-Mill 60,208  16,872  1.10  6,364  0  334,343  25,703  $173,969 5 5 Mine-Mill 59,953  16,854  1.11  5,281  0  324,885  27,902  $174,363 6 6 Mine-Mill 62,928  16,753  1.03  13  0  315,730  22,451  $146,312 7 7 Mine-Mill 54,401  16,881  0.88  1,779  0  267,167  20,364  $115,243 8 8 Mine-Mill 45,623  16,950  0.88  8,906  0  250,570  23,754  $123,751 9 9 Mill 26,115  17,000  1.04  5,404  0  316,823  24,706  $190,998 10 9, 10 Mill 19,192  17,000  1.26  1,571  0  405,714  25,834  $260,873 11 10, 11 Mill 13,571  16,984  1.21  388  3,947  399,798  22,241  $248,920 12 11, 12 Mill 7,445  16,829  0.90  33  9,457  293,507  16,399  $162,264 13 N/A Mill 0  16,748  0.43  0  16,748  108,834  11,358  $25,540 14 N/A Mill 0  12,790  0.43  0  12,790  83,112  8,674  $47,503 Total N/A N/A 474,462 213,769 0.98 42,942 42,942 3,768,867  280,608  $2,017,582 
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Table E.5: The Cut-Off Grade Policy for Practical Minimum Energy-Efficiency (Chapter 6)  
Mining Increment  Start Time (Yrs) Time Taken (Yrs) COG DF Ore (g /t Aue) COG Stockpile (g /t Aue) Limiting Capacities Quantity Mined (kt) Quantity to Plant (kt) Avg Grade to Plant (g /t Aue) 
Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) PV Deposit ($’000) 
1 0.0 1.0 0.47 0.68  Mine 12,245 1,376 0.89 0  0  18,754  2,348  -$367 $1,290,564 2 1.0 1.0 0.63 0.45  Mine-Mill 53,177 14,498 1.20 6,391  0  313,427  23,600  $180,576 $1,394,191 3 2.0 1.0 0.58 0.43  Mine-Mill 59,673 16,251 1.15 5,806  0  336,583  25,302  $188,753 $1,318,020 4 3.0 1.0 0.55 0.37  Mine-Mill 60,250 16,885 1.10 7,800  0  334,571  25,721  $185,023 $1,227,369 5 4.0 1.0 0.53 0.38  Mine-Mill 59,989 16,864 1.11 5,282  0  325,068  27,923  $185,575 $1,133,295 6 5.0 1.0 0.42 0.42  Mine-Mill 62,935 16,753 1.03 0  0  315,707  22,437  $157,552 $1,031,109 7 6.0 1.0 0.43 0.39  Mine-Mill 54,380 16,882 0.88 1,784  0  267,048  20,359  $126,472 $949,825 8 7.0 1.0 0.48 0.30  Mill 45,602 17,488 0.86 11,104  0  254,384  24,193  $136,811 $894,344 9 8.0 1.2 0.45 0.29  Mill 28,653 20,680 0.98 4,617  0  363,183  28,666  $229,237 $825,657 10 9.2 1.3 0.40 0.30  Mill 21,888 21,303 1.24 285  0  501,578  31,559  $335,168 $666,381 11 10.5 1.0 0.37 0.29  Mill 11,590 16,977 1.18 77  5,539  391,943  20,613  $250,337 $381,986 12 11.5 0.4 0.37 0.29  Mill 4,080 5,933 1.17 10  1,874  140,120  6,303  $86,615 $152,322 Stockpile 11.9 2.1 0.00 0.00  Mill 0 35,741 0.42 0 35,741  223,800  23,582  $48,752 $68,718 Closure 14.0 0.0 0.00 0.00  N/A 0 0 0.00 0 0 0 0  $28,000 $28,000 Total 0.0 14.0 N/A N/A N/A 474,462 217,632 0.97 43,154 43,154 3,786,165  282,608  $2,138,503 $1,290,564 
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Table E.6: The Annualised Allocations for Practical Minimum Energy-Efficiency (Chapter 6) 
Year Mining Increment  Limiting Capacities Quantity Mined (kt) Quantity to Plant (kt) Avg Grade to Plant (g /t Aue) 
Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) 
1 1 Mine 12,245  1,376  0.89  0  0  18,754  2,348  -$367 2 2 Mine-Mill 53,177  14,498  1.20  6,391  0  313,427  23,600  $180,576 3 3 Mine-Mill 59,606  16,233  1.15  5,800  0  336,205  25,274  $188,541 4 4 Mine-Mill 60,208  16,872  1.10  7,792  0  334,343  25,703  $184,900 5 5 Mine-Mill 59,953  16,854  1.11  5,284  0  324,885  27,902  $185,460 6 6 Mine-Mill 62,928  16,753  1.03  13  0  315,730  22,451  $157,620 7 7 Mine-Mill 54,401  16,881  0.88  1,779  0  267,167  20,364  $126,548 8 8 Mill 44,353  17,000  0.86  10,772  0  247,329  23,510  $132,975 9 8, 9 Mill 24,201  17,000  0.98  4,013  0  296,953  23,563  $186,714 10 9, 10 Mill 18,974  17,000  1.18  1,111  0  375,079  24,783  $247,899 11 10, 11 Mill 14,533  16,989  1.21  152  2,766  396,112  22,902  $258,916 12 11, 12 Mill 9,884  16,878  1.05  48  7,092  351,687  18,237  $215,303 13 N/A Mill 0  16,748  0.42  0  16,748  104,871  11,050  $22,845 14 N/A Mill 0  16,549  0.42  0  16,549  103,625  10,919  $50,574 Total N/A N/A 474,462 217,632 0.97 43,154 43,154 3,786,165  282,608  $2,138,503 
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Table E.7: The Cut-Off Grade Policy for the Introduction of Emission Pricing in Australia (Chapter 6)  
Mining Increment  Start Time (Yrs) Time Taken (Yrs) COG DF Ore (g /t Aue) COG Stockpile (g /t Aue) Limiting Capacities Quantity Mined (kt) Quantity to Plant (kt) Avg Grade to Plant (g /t Aue) 
Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) PV Deposit ($’000) 
1 0.0 1.0 0.47 0.76  Mine 12,245 1,376 0.89 0  0  18,754  2,348  -$2,406 $1,144,741 2 1.0 1.0 0.63 0.47  Mine-Mill 53,177 14,498 1.20 5,579  0  313,427  23,600  $161,466 $1,238,821 3 2.0 1.0 0.58 0.45  Mine-Mill 59,673 16,251 1.15 4,805  0  336,583  25,302  $167,595 $1,170,085 4 3.0 1.0 0.55 0.43  Mine-Mill 60,250 16,885 1.10 4,845  0  334,571  25,721  $162,888 $1,089,581 5 4.0 1.0 0.53 0.42  Mine-Mill 59,989 16,864 1.11 3,763  0  325,068  27,923  $162,984 $1,007,486 6 5.0 1.0 0.42 0.40  Mine-Mill 62,935 16,753 1.03 560  0  315,707  22,437  $134,142 $918,712 7 6.0 1.0 0.43 0.38  Mine-Mill 54,380 16,882 0.88 2,272  0  267,048  20,359  $103,185 $852,770 8 7.0 1.0 0.49 0.37  Mine-Mill 45,602 16,951 0.88 7,087  0  250,530  23,763  $112,188 $813,732 9 8.0 1.1 0.50 0.36  Mill 28,653 18,686 1.04 5,039  0  348,430  27,159  $198,640 $762,213 10 9.1 1.2 0.45 0.34  Mill 21,888 20,207 1.29 1,270  0  494,189  30,859  $307,469 $622,215 11 10.3 1.0 0.40 0.33  Mill 11,590 17,038 1.18 74  5,633  394,854  20,859  $232,234 $359,849 12 11.3 0.4 0.39 0.33  Mill 4,080 6,019 1.17 8  1,963  141,491  6,426  $80,254 $147,306 Stockpile 11.7 1.7 0.00 0.00  Mill 0 27,707 0.44 0  27,707  185,230  19,206  $48,355 $70,056 Closure 13.3 0.0 0.00 0.00  N/A 0 0 0.00 0  0 0 0  $28,000 $28,000 Total 0.0 13.3 N/A N/A N/A 474,462 206,118 1.00 35,303 35,303 3,725,882  275,964 $1,896,994 $1,144,741 
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Table E.8: The Annualised Allocations for the Introduction of Emission Pricing in Australia (Chapter 6) 
Year Mining Increment  Limiting Capacities Quantity Mined (kt) Quantity to Plant (kt) Avg Grade to Plant (g /t Aue) 
Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) 
1 1 Mine 12,245  1,376  0.89  0  0  18,754  2,348  -$2,406 2 2 Mine-Mill 53,177  14,498  1.20  5,579  0  313,427  23,600  $161,466 3 3 Mine-Mill 59,606  16,233  1.15  4,799  0  336,205  25,274  $167,406 4 4 Mine-Mill 60,208  16,872  1.10  4,842  0  334,343  25,703  $162,781 5 5 Mine-Mill 59,953  16,854  1.11  3,763  0  324,885  27,902  $162,884 6 6 Mine-Mill 62,928  16,753  1.03  568  0  315,730  22,451  $134,212 7 7 Mill 54,401  16,881  0.88  2,268  0  267,167  20,364  $103,260 8 8 Mill 45,623  16,950  0.88  7,076  0  250,570  23,754  $112,166 9 9 Mill 26,115  17,000  1.04  4,590  0  316,823  24,706  $180,546 10 9, 10 Mill 19,192  17,000  1.26  1,426  0  405,714  25,834  $250,745 11 10, 11 Mill 13,542  16,984  1.21  362  3,984  399,918  22,287  $239,318 12 11, 12 Mill 7,474  16,829  0.90  30  9,433  296,026  16,568  $158,418 13 N/A Mill 0 16,748  0.44  0  16,748  111,965  11,609  $29,229 14 N/A Mill 0 5,139  0.44  0  5,139  34,357  3,562  $36,969 Total N/A N/A 474,462 206,118 1.00 35,303 35,303 3,725,882  275,964 $1,896,994 
 
 
Appendix E: Cut-Off Grade Policies and Annualised Allocations Michael Scott 
 
E-10 
Table E.9: The Cut-Off Grade Policy for Pre-Concentration Scenario 1: Pre-Concentration at the Processing Plant (Chapter 7)  
Mining Increment (n) Start Time (yrs) Time Taken (yrs) COG DF  (g/t Aue) 
COG PC  (g/t Aue) 
COG Stock (g/t Aue) 
Limiting Capacities Quantity Mined (kt) Quantity Direct to Plant (kt) 
Quantity to PC (kt) Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) PV Deposit ($’000) 
1 0.0 1.0 0.47 0.47 0.75  Mine 12,245 1,376 0 0 0 18,754 2,348  -$1,826 $1,257,723 2 1.0 1.1 0.79 0.35 0.47  Mine-Mill 53,177 10,582 15,273 0 0 365,590 28,975  $202,804 $1,360,240 3 2.1 1.1 0.69 0.34 0.44  Mine-Mill 59,673 13,077 13,337 0 0 382,099 29,981  $204,516 $1,274,033 4 3.3 1.1 0.65 0.32 0.42  Mine-Mill 60,250 13,794 13,355 0 0 377,684 30,231  $198,085 $1,176,536 5 4.4 1.1 0.62 0.30 0.40  Mine-Mill 59,989 14,285 11,039 0 0 358,395 31,662  $192,629 $1,076,852 6 5.5 1.0 0.51 0.29 0.38  Mine-Mill 62,935 14,358 6,197 0 0 326,815 23,591  $150,629 $971,825 7 6.5 1.1 0.48 0.28 0.37  Mine-Mill 54,380 14,886 9,630 0 0 293,960 23,166  $126,423 $893,360 8 7.6 1.2 0.54 0.30 0.35  Mine-Mill 45,602 14,607 13,985 0 0 296,565 29,067  $148,877 $840,799 9 8.8 1.2 0.56 0.30 0.34  Mine-Mill 28,653 16,563 8,506 0 0 374,384 29,891  $225,914 $765,421 10 10.0 1.1 0.59 0.30 0.32  Mine 21,888 17,196 4,391 0 0 494,511 30,919  $322,836 $601,592 11 11.1 1.0 0.50 0.20 0.31  Mine 11,590 10,710 860 0 0 355,863 16,835  $229,481 $318,603 12 12.1 0.4 0.50 0.20 0.31  Mine 4,080 3,789 288 0 0 127,928 5,033  $79,363 $105,549 Stockpile 12.5 0.0 0.00 0.00  0.00  N/A 0 0 0  0 0 0 0  $0 $28,000 Closure 12.5 0.0 0.00 0.00  0.00  N/A 0 0 0  0 0 0 0  $28,000 $28,000 Total 0.0 12.5 N/A N/A N/A N/A 474,462 145,222 96,861  0 0 3,772,547  281,699  $2,107,730 $1,257,723 
 
 
Appendix E: Cut-Off Grade Policies and Annualised Allocations Michael Scott 
 
E-11 
Table E.10: The Annualised Allocations for Pre-Concentration Scenario 1: Pre-Concentration at the Processing Plant (Chapter 7) 
Year Mining Increment (n) Limiting Capacities Quantity Mined (kt) Quantity Direct to Plant (kt) 
Avg Grade DF (g/t Aue) Quantity to PC (kt) Avg Grade to PC (g/t Aue) Quantity Treated at Plant (kt) 
Avg Grade at Plant (g/t Aue) 
Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) 
1 1 Mine 12,245  1,376  0.89  0 0.00  1,376  0.89  18,754  2,348  -$1,826 2 2 Mine-Mill 46,254  9,204  1.35  13,285  0.51  14,518  1.23  317,993  25,202  $176,401 3 2, 3 Mine-Mill 51,660  11,182  1.26  11,987  0.48  15,976  1.17  334,053  26,249  $179,727 4 3, 4 Mine-Mill 52,980  11,983  1.21  11,771  0.45  16,691  1.12  334,124  26,593  $176,269 5 4, 5 Mine-Mill 53,649  12,571  1.20  10,708  0.43  16,854  1.11  327,053  27,738  $173,973 6 5, 6 Mine-Mill 58,082  13,536  1.15  8,161  0.41  16,800  1.09  323,920  26,138  $162,355 7 6, 7 Mine-Mill 56,338  13,899  1.03  7,351  0.36  16,839  0.98  297,439  22,292  $133,267 8 7, 8 Mine-Mill 45,269  13,036  0.92  9,808  0.36  16,959  0.88  259,885  22,208  $118,237 9 8, 9 Mine-Mill 35,959  12,596  0.95  10,987  0.39  16,991  0.91  261,309  24,618  $136,722 10 9 Mine-Mill 24,321  14,059  1.10  7,220  0.42  16,947  1.05  317,783  25,372  $191,759 11 10 Mine 19,565  15,341  1.42  3,940  0.46  16,917  1.37  440,626  27,583  $287,562 12 10, 11 Mine 12,595  11,297  1.59  1,247  0.42  11,795  1.56  366,677  18,196  $236,900 13 11, 12 Mine 5,546  5,143  1.60  397  0.41  5,302  1.58  172,932  7,162  $136,384 Total N/A N/A 474,462 145,222 1.20 96,861  0.43 183,967 1.13 3,772,547  281,699  $2,107,730 
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Table E.11: The Cut-Off Grade Policy for Pre-Concentration Scenario 2: Pre-Concentration at the Waste Dump (Chapter 7)  
Mining Increment (n) Start Time (yrs) Time Taken (yrs) COG DF  (g/t Aue) 
COG PC  (g/t Aue) 
COG Stock (g/t Aue) 
Limiting Capacities Quantity Mined (kt) Quantity Direct to Plant (kt) 
Quantity to PC (kt) Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) PV Deposit ($’000) 
1 0.0 1.0 0.47 0.47 0.75  Mine 12,245 1,376 0 0 0 18,754  2,348  -$1,826 $1,273,289 2 1.0 1.1 0.85 0.35 0.46  Mine-Mill-PC 53,177 9,435 16,420 0 0 361,707  28,624  $201,729 $1,377,050 3 2.1 1.1 0.76 0.31 0.44  Mine-Mill-PC 59,673 11,427 16,471 0 0 382,580  30,111  $205,622 $1,288,436 4 3.2 1.1 0.71 0.30 0.41  Mine-Mill 60,250 12,257 15,897 0 0 377,057  30,224  $198,820 $1,188,721 5 4.3 1.1 0.66 0.29 0.40  Mine-Mill 59,989 13,272 12,445 0 0 357,015  31,535  $192,709 $1,086,766 6 5.4 1.0 0.55 0.25 0.38  Mine-Mill 62,935 13,386 8,320 0 0 328,265  23,770  $151,738 $980,259 7 6.4 1.1 0.53 0.25 0.36  Mine-Mill 54,380 13,145 13,132 0 0 295,786  23,406  $128,252 $900,950 8 7.5 1.1 0.58 0.30 0.35  Mine-Mill 45,602 13,016 15,576 0 0 293,135  28,694  $148,877 $846,467 9 8.6 1.1 0.60 0.27 0.34  Mine-Mill 28,653 15,270 10,483 0 0 373,466  29,828  $226,405 $768,265 10 9.8 1.1 0.62 0.30 0.32  Mine-Mill 21,888 16,587 5,001 0 0 492,975  30,785  $322,727 $602,431 11 10.9 1.0 0.50 0.20 0.31  Mine 11,590 10,710 860 0 0 355,863  16,835  $229,496 $318,623 12 11.9 0.4 0.50 0.20 0.31  Mine 4,080 3,789 288 0 0 127,928  5,033  $79,369 $105,555 Stockpile 12.2 0.0 0.00 0.00  0.00  N/A 0 0 0  0 0 0 0 $0 $28,000 Closure 12.2 0.0 0.00 0.00  0.00  N/A 0 0 0  0 0 0 0  $28,000 $28,000 Total 0.0 12.2 N/A N/A N/A N/A 474,462 133,670 114,893  0 0 3,764,530  281,194  $2,111,918 $1,273,289 
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Table E.12: The Annualised Allocations for Pre-Concentration Scenario 2: Pre-Concentration at the Waste Dump (Chapter 7) 
Year Mining Increment (n) Limiting Capacities Quantity Mined (kt) Quantity Direct to Plant (kt) 
Avg Grade DF (g/t Aue) Quantity to PC (kt) Avg Grade to PC (g/t Aue) Quantity Treated at Plant (kt) 
Avg Grade at Plant (g/t Aue) 
Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) 
1 1 Mine 12,245  1,376  0.89  0 0.00 1,376  0.89  18,754  2,348  -$1,826 2 2 Mine-Mill-PC 48,242  8,560  1.41  14,896  0.53  14,518  1.27  328,141  25,968  $183,009 3 2, 3 Mine-Mill-PC 53,177  10,114  1.33  14,840  0.48  16,050  1.20  342,862  27,000  $184,955 4 3, 4 Mine-Mill 54,337  10,917  1.27  14,476  0.46  16,708  1.15  341,801  27,292  $180,975 5 4, 5 Mine-Mill 55,108  11,883  1.24  12,411  0.44  16,847  1.14  333,287  28,552  $178,546 6 5, 6 Mine-Mill 59,909  12,932  1.19  9,592  0.40  16,769  1.10  328,824  25,916  $162,252 7 6, 7 Mine-Mill 54,944  12,549  1.06  10,508  0.36  16,752  0.97  293,217  22,317  $130,911 8 7, 8 Mine-Mill 44,835  11,718  0.97  12,843  0.38  16,855  0.91  263,790  23,303  $123,999 9 8, 9 Mine-Mill 34,591  12,135  1.04  12,037  0.41  16,949  0.97  282,717  25,529  $155,299 10 9, 10 Mine-Mill 23,904  13,726  1.22  8,143  0.43  16,983  1.15  353,212  26,488  $218,913 11 10, 11 Mine-Mill 18,958  14,609  1.47  4,106  0.47  16,252  1.41  438,923  26,731  $286,905 12 11, 12 Mine 11,590  10,717  1.62  855  0.40  11,059  1.59  356,812  16,516  $228,989 13 12 Mine 2,621  2,434  1.59  185  0.42  2,508  1.57  82,190  3,234  $78,992 Total N/A N/A 474,462 133,670 1.25 114,893 0.44 179,627 1.16 3,764,530  281,194  $2,111,918 
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Table E.13: The Cut-Off Grade Policy for Pre-Concentration Scenario 3: Pre-Concentration at the Mine Face (Chapter 7)  
Mining Increment (n) Start Time (yrs) Time Taken (yrs) COG DF  (g/t Aue) 
COG PC  (g/t Aue) 
COG Stock (g/t Aue) 
Limiting Capacities Quantity Mined (kt) Quantity Direct to Plant (kt) 
Quantity to PC (kt) Quantity to Stockpile (kt) 
Quantity Rehandled (kt) Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) PV Deposit ($’000) 
1 0.0 1.0 0.76 0.25 0.73  Mine-Mill 12,245 658 1,811 0 0 21,173  2,685  -$141 $1,293,285 2 1.0 1.0 0.90 0.40 0.45  Mine-Mill-PC 53,177 8,597 14,851 0 0 348,402  27,262  $194,632 $1,396,893 3 2.0 1.0 0.81 0.37 0.42  Mine-Mill 59,673 10,396 14,579 0 0 368,034  28,607  $198,750 $1,306,472 4 3.0 1.0 0.77 0.35 0.40  Mine-Mill 60,250 10,909 14,730 0 0 363,869  28,855  $193,014 $1,204,391 5 4.0 1.0 0.76 0.29 0.39  Mine-Mill-PC 59,989 10,865 14,852 0 0 350,224  30,843  $190,000 $1,100,107 6 5.0 1.0 0.57 0.22 0.37  Mine-Mill 62,935 12,940 9,533 0 0 329,071  23,875  $151,305 $990,613 7 6.0 1.0 0.60 0.26 0.36  Mine-Mill 54,380 11,060 14,630 0 0 289,305  22,771  $126,637 $912,583 8 7.0 1.0 0.64 0.34 0.35  Mine-Mill-PC 45,602 10,974 14,900 0 0 278,796  27,054  $143,276 $853,952 9 8.0 1.0 0.76 0.27 0.33  Mine-Mill 28,653 11,141 14,612 0 0 362,104  28,754  $222,959 $773,335 10 9.0 1.0 0.76 0.30 0.32  Mine-Mill 21,888 13,961 7,627 0 0 485,383  30,141  $320,521 $603,438 11 10.0 1.0 0.50 0.20 0.31  Mine 11,590 10,710 860 0 0 355,863  16,835  $229,448 $318,561 12 11.0 0.4 0.50 0.20 0.31  Mine 4,080 3,789 288 0 0 127,928  5,033  $79,352 $105,539 Stockpile 11.4 0.0 0.00 0.00  0.00  N/A 0 0 0 0 0 0 0 $0 $28,000 Closure 11.4 0.0 0.00 0.00  0.00  N/A 0 0 0 0 0 0 0  $28,000 $28,000 Total 0.0 11.4 N/A N/A N/A N/A 474,462 116,000 123,273  0 0 3,680,153  272,715  $2,077,754 $1,293,285 
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Table E.14: The Annualised Allocations for Pre-Concentration Scenario 3: Pre-Concentration at the Mine Face (Chapter 7) 
Year Mining Increment (n) Limiting Capacities Quantity Mined (kt) Quantity Direct to Plant (kt) 
Avg Grade DF (g/t Aue) Quantity to PC (kt) Avg Grade to PC (g/t Aue) Quantity Treated at Plant (kt) 
Avg Grade at Plant (g/t Aue) 
Quantity Refined Gold (oz) 
Quantity Refined Copper (t) 
Cash Flow ($’000) 
1 1 Mine-Mill 12,245  658  1.19  1,811  0.42  1,382  1.01  21,173  2,685  -$141 2 2 Mine-Mill-PC 53,106  8,585  1.47  14,832  0.58  14,518  1.34  347,936  27,226  $194,372 3 3 Mine-Mill 59,664  10,394  1.38  14,579  0.53  16,226  1.27  368,007  28,605  $198,744 4 4 Mine-Mill 60,249  10,909  1.33  14,730  0.50  16,801  1.22  363,875  28,854  $193,022 5 5 Mine-Mill-PC 59,989  10,865  1.35  14,852  0.47  16,806  1.21  350,243  30,841  $190,004 6 6 Mine-Mill 62,931  12,937  1.18  9,540  0.36  16,753  1.08  329,099  23,885  $151,357 7 7 Mine-Mill 54,391  11,062  1.06  14,623  0.38  16,912  0.96  289,358  22,773  $126,670 8 8 Mine-Mill-PC 45,614  10,974  1.03  14,900  0.45  16,934  0.98  278,810  27,049  $143,253 9 9 Mine-Mill 28,676  11,141  1.31  14,612  0.49  16,986  1.20  361,993  28,752  $222,853 10 10 Mine-Mill 21,882  13,948  1.59  7,631  0.54  17,000  1.50  484,890  30,119  $320,173 11 11 Mine 11,611  10,716  1.62  874  0.40  11,066  1.60  356,123  16,862  $229,631 12 12 Mine 4,103  3,811  1.59  290  0.42  3,927  1.57  128,646  5,067  $107,815 Total N/A N/A 474,462 116,000 1.34 123,273 0.48 165,309 1.23 3,680,153  272,715  $2,077,754 
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Appendix F:  Full Costing of Pre-Concentration Scenarios  
Appendix F provides the full costing for pre-concentration scenarios examined in Chapter 
7.  All costs and energy consumption for itemised equipment were taken from the 
Australian Mine and Mill Equipment Cost Database (R2Mining 2013). 
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Table F.1: Full Costing of Pre-Concentration Scenario 1: Pre-Concentration at the Processing Plant (Chapter 7)  
Activity Material Description Quantity Total CAPEX Total Base OPEX/hr Energy Consumption /hr Electricity (kWh) Diesel Fuel (L) Explosives (kg) Drill & Blast PC Ore & Waste Additional assays and customised blast design ($0.30/t); Additional explosive for ore (+20%) N/A N/A $452.93 - - 51.4 Screening PC Ore & Waste Heavy duty single vibrating incline screen; (50mm screen; 2.4m × 6.1m) 4 $497,200 $55.44 - - - Rehandling PC Ore Convey to crusher; 61cm belt, 30.5m length 1 $198,000 $24.40 12.7 - - Rehandling  PC Waste Wheel loader; 236t, 19.9m3 bucket 1 $5,753,000 $316.09 - 183.4 - Existing Trucks (minimum diesel fuel consumption 0.11L/t, minimum haul base cost $0.39/t) N/A N/A $333.84 - 108.4 - Total (AUD 2013) $6,448,200 $1187.26 12.7 292.3 51.4 Deflated Total (AUD 1996) $4,255,812 $783.59 12.7 292.3 51.4 Per tonne (AUD 1996)  $0.46 0.01 0.17 0.03 
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Table F.2: Full Costing of Pre-Concentration Scenario 2: Pre-Concentration at the Waste Dump (Chapter 7) 
Activity Material Description Quantity Total CAPEX Total Base OPEX/hr Energy Consumption /hr Electricity (kWh) Diesel Fuel (L) Explosives (kg) Drill & Blast PC Ore & Waste Additional assays and customised blast design ($0.30/t); Additional explosive for ore (+20%) N/A N/A $452.93 - - 51.4 Screening PC Ore & Waste Heavy duty single vibrating incline screen; (50mm screen; 2.4m × 6.1m) 4 $497,200 $55.44 - - - Rehandling PC Ore Wheel loader; 236t, 19.9m3 bucket 1 $5,753,000 $316.09 - 122.3 -   Existing Trucks (minimum diesel fuel consumption 0.11L/t, minimum haul base cost $0.39/t) N/A N/A $333.84 - 72.6 - Rehandling  PC Waste Stacker/Conveyor; 1,270tph, 76.2cm belt, 914m length 1 $14,700,000 $1,120.56 253.6 194.9 - Total (AUD 2013) $20,950,200 $1,158.30 253.6 194.9 51.4 Deflated Total (AUD 1996) $13,827,132 $764.48 253.6 194.9 51.4 Per tonne (AUD 1996)  $0.45 0.15 0.11 0.03 
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Table F.3: Full Costing of Pre-Concentration Scenario 3: Pre-Concentration at the Mine Face (Chapter 7)  
Activity Material Description Quantity Total CAPEX Total Base OPEX/hr Energy Consumption /hr Electricity (kWh) Diesel Fuel (L) Explosives (kg) Drill & Blast PC Ore & Waste Additional assays and customised blast design (30c/t); Additional explosive for ore (+20%) N/A N/A $452.93 - - 51.4 Screening PC Ore & Waste Portable screening plant; trailer mounted (50mm screen; 2.1m × 6.1m) 4 $1,076,000 $130.92 - - - Portable generator set; trailer mounted 80kW Prime Power 2 $118,000 $22.72 - 37.8 - Handling PC Ore & Waste Wheel loader; 236t, 19.9m3 bucket 2 $11,506,000 $632.18 - 366.9 - Total (AUD 2013) $12,700,000 $1,238.75 - 404.7 51.4 Deflated Total (AUD 1996) $8,382,000 $817.58 - 404.7 51.4 Per tonne (AUD 1996)  $0.48 - 0.24 0.03 
 
 
 
 
